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<8JM4774695K! 52L398L2! 48:! 6<LLS2! <8cS5K! 4LL9=<462:! v<6P! P2346<=!
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CVFaCYCH!
! ;S53PKg! ;H%H! eCDD`fH! "9v! 7<69=P98:5<4! 359:S=2! 524=6<[2! 9]KN28!
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! ;SL98:4g! >H(Hg! 48:! >P<3748g! kHtH! eE``ZfH! qS25=26<8! <8P<B<6L!
PK:59N28!3259]<:2! e"C#Cfa<8:S=2:!+/ar4334@!1+(!B<8:<8N!4=6<[<6K!
48:!1+(!:474N2!<8!"23^C!=2MMLH!>45=<89N282L<L$YPg!EVZRaEVZ`H!
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! +46P48L98g! ;H"Hg! ^4S647g! (Hg! @5S=rg! .Hg! &L4M2Lg! >H;Hg! 48:! @9K25g!
kH)H! eE``C4fH! -JJ2=6L! 9J! >4Cd! 4N98<L6L! 98! =K69L9M<=! >4Cd! <8! <L9M462:!
P23469=K62L! 48:! 98! B<M2! L2=526<98! <8! 6P2! <L9M462:! 325JSL2:! 546! M<[25H!
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! +46P48L98g!;H"Hg!^4S647g!(Hg!+Ng!#H>Hg!@5S=rg!.Hg! 48:!@9K25g! kH)H!
eE``CBfH!"957984M!52NSM46<98!9J!3454=2MMSM45!325724B<M<6K!<8!<L9M462:!
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RDZDH!
! +2S7488g! %Hg! ^256TB25Ng! +Hg! 48:! k9P8L98g! (H! eCDDUfH! '+/a4M3P4!
<8:S=2L!4!:2=524L2!<8!2+#$!35979625!4=6<[<6KH!(7!k!%PKL<9M!)S8N!>2MM!
;9M!%PKL<9M$[Xbg!)UVCaUV`H!
! +NSK28g! tH1Hg! $S8:4547g! ,Hg! 48:! (K9SBg! yH$H! eCDEUfH! (6K3<=4M!
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! +<=96254g! %Hg! 48:! #5528<SLg! $H! eE``ZfH! 'P2! 59M2! 9J! =4M=<S7! <8!
439369L<LH!>2MM!>4M=<S7$[Ng!EFRaEZDH!
! +<LP<N4r<g! |Hg! #P8<LP<g! "Hg! ;95<v4r<g! "Hg! 48:! ;S69g! |H! eE``YfH!
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! +S82Tg!)H-Hg!+KB9g!$H-Hg!^98T4M2Ta$4B<8g!kHg!%252Tg!;Hg!;2828:2Tg!+Hg!
@5484g! (H/Hg! $P44B48g! tH(Hg! "2g! ;Hg! ;95<Lg! /Hg! $4M4Lg! kH(H^$ *'$ 14!!
eCDECfH! (! 89[2M! 7<6P547K=<8! 484M9NS2! v<6P! P<NP! 486<6S795! 4=6<[<6K!
48:! M2LL! 69]<=<6K! N2825462:! BK! =97B<84695<4M! B<9LK86P2L<LH! k! ;2:!
>P27$ZZg!VZERaVZCVH!
! #4r2Lg!$H(Hg!$=955489g!)Hg!#3J25748g!kH'Hg!@4LL<rg!;H>Hg!+<LP<89g!;Hg!
%9TT48g! 'Hg! 48:!t95L72K25g! $HkH! eCDDVfH! %594393696<=!@(h! 48:!@(t!





! #728266<g! (Hg! %9552MM9g! (Hg! kS8Ng! |Hg! |48Ng! )Hg! %939[g! |Hg! >P9<g! $H$Hg!
y<62rg! .H%Hg! (M3<8<g! ^Hg! ,28625g! kHg! ,48:98N28g! "H;H^$ *'$ 14!! eCDDZfH!
"2:N2P9N! L<N84M<8N! 52NSM462L! 23<6P2M<4Ma72L28=PK74M! 6548L<6<98!
:S5<8N! B<M<45K! J<B59L<L! <8! 59:286L! 48:! PS748LH! k! >M<8! &8[2L6$ YYXg!
RRREaRRUCH!
! #5528<SLg! $Hg! ;=>98r2Kg! 1HkHg! +<=96254g! %H! eE`ZZfH! ;2=P48<L7L! 9J!
9]<:486a<8:S=2:! =2MM! :474N2g! <8#]Ka.4:<=4ML! <8! ;9M2=SM45! @<9M9NK!
48:!%46P9M9NK!e+2v!|95rHfH!
! #T:<Mg!@Hg!>9L45g!(Hg!(rr<Tg!"Hg!$48:<r=<g!;Hg!48:!t2=2g!>H!eCDEEfH!+2v!
6P25432S6<=! 936<98! v<6P! +a4=26KM=KL62<82! J95! 35<745K! L=M259L<8N!
=P9M48N<6<Lp!6v9!=4L2!523956LH!(7!k!'P25$YXg!2FEaFUH!
! #T:<Mg! @Hg! t2=2g! >Hg! >9L45g! (Hg! (rr<Tg! "Hg! 48:! $48:<r=<g! ;H! eCDEDfH!
%96286<4M! B282J<6L! 9J! =97B<82:! +a4=26KM=KL62<82! 48:! =<359JM9]4=<8!
6P2543K! <8! 3456<4M! B<M<45K! 9BL65S=6<98H! k! >M<8! %P4574=9M$ ZOg! EUEUa
EUE`H!
! %4M725g! .H;Hg! /255<N2g! (H^Hg! 48:! ;98=4:4g! $H! eE`ZFfH! +<65<=! 9]<:2!
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! %45rg! $H"Hg! )<7g! kH$Hg! 48:! k48Ng! tH)H! eCDEEfH! (MMa6548L! 526<89<=! 4=<:!
<8:S=2L! =2MMSM45! L282L=28=2! [<4! S352NSM46<98! 9J! 3EYg! 3CEg! 48:! 3CFH!
>48=25!)266$NYOg!CRCaCR`H!
! %45rg!|H>Hg!kS8g!>H1Hg!t48Ng!"H$Hg!t<7g!"H1Hg!t<7g!"H;Hg!48:!>PS8Ng!
"H'H! eE``YfH!.9M2!9J! <8654=2MMSM45!=4M=<S7!4L!4!35<7<8N!L<N84M! J95!6P2!
<8:S=6<98!9J!8<65<=!9]<:2!LK86P2L<L!<8!7S5<82!325<69824M!74=593P4N2LH!
&77S89M9NK$Xcg!C`YaRDCH!
! %459M4g! ;Hg! )29845:STT<g! ^Hg! .9B<89g! ^Hg! (MB489g! -Hg! %9M<g! ^Hg! 48:!
1<48T48<g! ;H*H! eE``Y4fH! #8! 6P2! 59M2! 9J! M<3<:! 3259]<:46<98! <8! 6P2!
346P9N282L<L! 9J! M<[25! :474N2! <8:S=2:! BK! M98NaL648:<8N! =P9M2L64L<LH!
/522!.4:<=!@<9M!;2:$[Og!RVEaRV`H!
! %459M4g! ;Hg! %<8T48<g! ;Hg! >4L<8<g! (Hg! )29845:STT<g! ^Hg! ;4554g! /Hg!
>4M<N<S5<g! (Hg! >28<g! -Hg! @<98:<g! %Hg! %9M<g! ^Hg! 48:! 1<48T48<g! ;H*H!
eE``YBfH! &8:S=6<98! 9J! 359=9MM4N28! 6K32! &! N282! 2]352LL<98! 48:!
LK86P2L<L! <8! PS748! P2346<=! L62MM462! =2MML! BK! UaPK:59]KaCgRa898284M!
48:! 96P25! UaPK:59]KaCgRa4Mr284ML! <L! 52M462:! 69! 6P2<5! 79M2=SM45!
L65S=6S52H!@<9=P27!@<93PKL!.2L!>977S8$[[[g!CYEaCYUH!
! %4L=4M2g! .Hg! 14<89g! )Hg! ^45=24g! .Hg! /54LL2669g! $Hg! .SNN<Sg! ;H-Hg!
,488<8<g!;H^Hg!>9TT9M<89g!%Hg!48:!/29g!/H!eE`Z`fH!&8P<B<6<98!BK!26P489M!
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4:289LKMa)a726P<98<82g! )a726P<98<82g! 48:! +a4=26KM=KL62<82H! '9]<=9M!
(33M!%P4574=9M$Pcg!CEYaCC`H!
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! %462Mg! 'Hg! @598rg! $H/Hg! 48:! ^952Lg! ^HkH! eE``UfH! &8=524L2L! 9J!
<8654=2MMSM45! 74N82L<S7! 3597962! NMK=9:29]K=P9M462a<8:S=2:!
439369L<L!<8!546!P23469=K62LH!k!>M<8!&8[2L6$PWg!CEZRaCE`CH!
! %28Ng! 'H&Hg! 48:! k9Sg! ;HkH! eCDEDfH! #]<:46<[2! L652LL! =4SL2:! BK!
7<69=P98:5<4M!=4M=<S7!9[25M94:H!(88!+!|!(=4:!$=<$Y[OYg!EZRaEZZH!
! %286<r4<828g! %HkHg! '9r9M4g! #Hg! (MP4[4g! -Hg! 48:! %2866<M4g! (H! eE`ZUfH!
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>4M79:SM<8!46!%PKL<9M9N<=4M!>4M=<S7!>98=286546<98H!@<9=P27<L65KH!
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[cYg!^CYDaCYFH!
! .9=r2Kg! 1H>Hg! >PS8Ng! kHkHg! ;=t22g! >H;Hg! 48:! +9BM2g! %HyH! eE``ZfH!
$6<7SM46<98! 9J! <8:S=<BM2! 8<65<=! 9]<:2! LK86P4L2! <8! 546! M<[25! BK!
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! .9:5<NS2Lg! ;H(Hg! ^972Lg! 1H(Hg! (8:54:2g! ,H(Hg! )2<62g! ;H/Hg! 48:!
+46P48L98g! ;H"H! eCDDZfH! &8LSM<8! <8:S=2L! =4M=<S7! L<N84ML! <8! 6P2!
8S=M2SL!9J!546!P23469=K62LH!"23469M9NK$WXg!EYCEaEYREH!
! .9:5<NS2Ta#56<N9L4g! >H;Hg! >2M4Kg! kHg! #M<[4Lg! &Hg! kS4845284g! +Hg!
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! .9Lr47Lg! 'Hg! 48:! 12L726g! ,H! eE``ZfH! 1S=6SM45! 524=6<98! 48:! <6L!
:<4N89L6<=!L<N8<J<=48=2H!$27<8!1<4N8!%46P9M$YZg!CV`aCY`H!
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[<5SL! 3597962L! 2]352LL<98! 9J! 6P2! RB264aPK:59]KL6259M! :2M64CUa
52:S=64L2!6P59SNP!$3EH!k!;2:!,<59M$XWg!FRRaFUYH!
! $48=P2Ta,4MM2g! ,Hg! >P4[2Ta'43<4g! +H>Hg! *5<B2g! ;Hg! 48:! ;28:2Ta
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48:! <8[4L<98! <8![<659g!48:! 6S795!N59v6P! <8!956P9693<=!79SL2!79:2M!
J95!359L6462!=48=25H!%59L6462$c[g!EYUZaEYVZH!
! $4862MM4g! )Hg! 48:! >454J9M<g! -H! eE``FfH! >4M=<S7! L<N84M<8N! <8! 6P2! =2MM!
8S=M2SLH!/($-@!k$YYg!ED`EaEED`H!
! $=P4:6g! "H$Hg! y9MJg! (Hg! %9N848g! /Hg! >P<B9S6g! $H1Hg! ;25Tg! ;Hg! 48:!
tSMM4ra*BM<=rg! ^H(H! eCDEYfH! @<M2! 4=<:L! <8! :5SN! <8:S=2:! M<[25! <8cS5Kp!
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! $=P4882g! /H(Hg! t482g! (H@Hg! |9S8Ng! -H-Hg! 48:! /45B25g! kH)H! eE`F`fH!
>4M=<S7! :2328:28=2! 9J! 69]<=! =2MM! :246Pp! 4! J<84M! =97798! 346Pv4KH!
$=<28=2$[Obg!FDDaFDCH!
! $=P7<:6g! "H"Hg! )9P7488g! $H;Hg! 48:! y4M625g! *H! eE``RfH! 'P2! 8<65<=!
9]<:2! 48:! =^;%! L<N84M! 6548L:S=6<98! LKL627p! 52NSM46<98! 48:!
72=P48<L7!9J!4=6<98H!@<9=P<7!@<93PKL!(=64$YYcXg!EVRaEFVH!
! $=P7<:6g!"H"Hg!48:!y4M625g!*H!eE``UfH!+#!46!v95rH!>2MM$cXg!`E`a`CVH!
! $=P9274r25g!;H"Hg!^97748Lg!yH;Hg!>98:2!:2! M4!.9L4g! )Hg!"9748g!
;Hg!tM9rg!%Hg!'54S6v2<8g!>Hg![48!^995g!"Hg!%92ML654g!tHg!"4<L74g!"HkHg!
k48L28g!%H)H^$*'$14!! eCDDRfH!.2L<L648=2!9J!546!P23469=K62L!4N4<8L6!B<M2!
4=<:a<8:S=2:! 439369L<L! <8! =P9M2L646<=! M<[25! <8cS5K! <L! :S2! 69! 8S=M245!
J4=695ar4334!@!4=6<[46<98H!k!"23469M$NPg!EVRaEYEH!
! $=P9M725<=Pg!kHg!@2=P25g!;H$Hg!$=P7<:6g!tHg!$=PSB256g!.Hg!t52725g!@Hg!
/2M:P4SLg! $Hg! 48:!^259rg!yH! eE`ZUfH! &8JMS28=2! 9J! PK:59]KM46<98! 48:!
=98cSN46<98! 9J! B<M2! L4M6L! 98! 6P2<5! 727B5482a:474N<8N! 3593256<2Laa
L6S:<2L! 98! <L9M462:! P23469=K62L! 48:! M<3<:! 727B5482! [2L<=M2LH!
"23469M9NK$Wg!YYEaYYYH!
! $25[<::<9g! ^Hg! %252:4g! kHg! %4MM45:9g! /H,Hg! >45526259g! kHg! @9554Lg! >Hg!
>S65<8g! kHg!,28:27<4M2g!^Hg! %9M<g!^Hg!,<84g! kHg! 48:!$4L652g! kH! eCDDUfH!
*5L9:29]K=P9M<=! 4=<:! 35962=6L! 4N4<8L6! L2=98:45K! B<M<45K! =<55P9L<L! <8!









>P99g! tHg! $2LL4g! yH>Hg! 48:! ^59LT7488g! .HkH! eE```fH! &734<52:!
28:96P2M<4M! 8<65<=! 9]<:2! LK86P4L2! 4=6<[<6K! 4LL9=<462:! v<6P! 28P48=2:!
=4[29M<8! B<8:<8N! <8! 2]325<72864M! =<55P9L<L! <8! 6P2! 546H!
^4L659286259M9NK$YYcg!ECCCaECCZH!
! $P4SM<48g! -Hg! 48:! t45<8g! ;H! eCDDEfH! (%aE! <8! =2MM! 359M<J2546<98! 48:!
LS5[<[4MH!#8=9N282$[Og!CR`DaCUDDH!




! $P<B49g! tHg! "<5464g! tHg! .9B256g! ;H-Hg! 48:! +46P48L98g! ;H"H! eCDDRfH!
)9LL!9J!<89L<69M!EgUgVa65<L3P9L3P462!52=23695L!J597!B<M2!:S=6!23<6P2M<4!
<L!4!=97798!2[286!<8!=P9M2L64L<LH!^4L659286259M9NK$Y[Zg!EEFVaEEZFH!
! $P<79:4g! $Hg! 48:! '484r4g! (H! eCDEYfH! &6! <L! 6<72! 69! =P48N2! 35<745K!




;H-H! eE``CfH! (86<9]<:486! :2J28L2L! <8! 6P2! B<M2! :S=6aM<N462:! 546H!
^4L659286259M9NK$YONg!EYCVaEYC`H!
! $M2<748g!$H/Hg!)48NM2Kg!@H>Hg!@4LL9g!;Hg!@25M<8g!kHg!h<4g!)Hg!%4K433<MMKg!
kH@Hg! tP452Mg! ;HtHg! ^S9g! "Hg! ;45LPg! kH)Hg! 'P973L98g! )H;H^$ *'$ 14!!
eCDEEfH!;<6P547K=<8!<L!4!N282aL2M2=6<[2!$3E!<8P<B<695!6P46!<:286<J<2L!4!
B<9M9N<=4M! <8625L2=6<98! B26v228! =48=25! 48:! 82S59:2N282546<98H! k!
+2S59L=<$NYg!YZVZaYZFDH!





! $7<6Pg! .H(Hg! 48:!;S53PKg! ;H%H! eCDEDfH! (8<74M! 48:! PS748! L6S:<2L!
v<6P!6P2!7<69=P98:5<4a645N262:!486<9]<:486!;<69qH!(88!+!|!(=4:!$=<$
Y[OYg!`YaEDRH!




eCDDDfH! @<M2! L4M6L! 72:<462! P23469=K62! 439369L<L! BK! <8=524L<8N! =2MM!




! $9r9Mg! .HkHg! 12[2524S]g!;Hg! tP48:v4M4g! .Hg! 48:!#@5<28g! tH! eE``RfH!
-[<:28=2!J95!<8[9M[27286!9J!9]KN28!J522!54:<=4ML!<8!B<M2!4=<:!69]<=<6K!69!
<L9M462:!546!P23469=K62LH!"23469M9NK$Ycg!ZY`aZZEH!
! $9r9Mg! .HkHg! "2SB<g! kH-Hg! ;=^54vg! >Hg! 48:! @4M<L6525<g! yH/H! eE`ZYfH!
>9552=6<98! 9J! [<647<8! -! :2J<=<28=K! <8! =P<M:528! v<6P! =P598<=!
=P9M2L64L<LH! &&H! -JJ2=6! 98! N4L659<862L6<84M! 48:! P2346<=! JS8=6<98H!
"23469M9NK$bg!ECYRaECY`H!
! $9r9Mg!.HkHg!$654r4g!;H$Hg!14PMg!.Hg!12[2524S]g!;HyHg!|25SLP4M7<g!@Hg!
^S735<=P6g! -Hg! -Mr<8Lg! +Hg! 48:! -[25L98g! ^H! eCDDEfH! .9M2! 9J! 9]<:486!
L652LL! <8! 6P2! 325724B<M<6K! 6548L<6<98! <8:S=2:! <8! 546! P2346<=!
7<69=P98:5<4!BK!PK:593P9B<=!B<M2!4=<:LH!%2:<465!.2L$WPg!VE`aVREH!
! $9r9Mg! .HkHg! y<8rMP9J25a.99Bg! @H;Hg! 12[2524S]g! ;HyHg! 48:! ;=t<7g!
kH;Hg! k5H! eE``VfH! ^282546<98! 9J! PK:593259]<:2L! <8! <L9M462:! 546!
P23469=K62L! 48:! P2346<=! 7<69=P98:5<4! 2]39L2:! 69! PK:593P9B<=! B<M2!
4=<:LH!^4L659286259M9NK$YOPg!ECU`aECVYH!






! $98Ng! kHg! *N4<g! "Hg! #N4v4g! tHg! y48Ng! |Hg! $454<g! (Hg! #B464g! |Hg!
t484T4v4g! &Hg!$S8g!tHg! &64rS54g!tHg!48:!|9r9K474g!tHtH! eCDDEfH!'v9!
=98L2=S6<[2! T<8=! J<8N25L! <8! $3E! 48:! <8! ;(l! 452! 2LL286<4M! J95!
<86254=6<98L!v<6P!=<La2M27286LH!k!@<9M!>P27$[cbg!RDUC`aRDURUH!
! $9v4g!|Hg!#5<64g!'Hg!;<847<r4v4g!$Hg!+4r489g!tHg!;<TS89g!'Hg!+97S54g!






=K=M4L2! 48:! =(;%a:2328:286! L2=526<98! <8! =P9M48N<9=K62LH!
^4L659286259M9NK$Y[Wg!FRFaFVRH!
! $3<[2Kg! kH.Hg! @598rg! $H/Hg! 48:! ^952Lg! ^HkH! eE``RfH!
^MK=9=P289:29]K=P9M462a<8:S=2:! M26P4M! P23469=2MMSM45! <8cS5K! <8! 546!
P23469=K62LH!.9M2!9J!('%!:23M26<98!48:!=K69L9M<=!J522!=4M=<S7H!k!>M<8!
&8[2L6$P[g!EFaCUH!
! $64=2Kg! +H"Hg! 48:!tM44LL28g! >H1H! eE`ZCfH! )4=r! 9J! 35962=6<98! 4N4<8L6!
=P27<=4MMK! <8:S=2:! <8cS5K! 69! <L9M462:! P23469=K62L! BK! 97<LL<98! 9J!
=4M=<S7! J597! 6P2! <8=SB46<98! 72:<S7H! k! '9]<=9M! -8[<598! "24M6P$ Pg!
CYFaCFYH!
! $62<8P45:6g! .H(Hg! 48:! (M:25698g! kH! eE`ZZfH! &8654=2MMSM45! J522! =4M=<S7!
5<L2! 65<NN25L!8S=M245! 28[2M932!B524r:9v8! <8! 6P2!L24!S5=P<8!27B5K9H!
+46S52$NN[g!RYUaRYYH!
! $6S2P5g! 1HkHg! $4869M<8<g! kHg! y48Ng! lHqHg! y2<g! >H>Hg! 48:! (:4rg! $H!
eCDDUfH! *3:462! 98! 72=P48<L7! 48:! =464MK6<=! 52NSM46<98! <8! 6P2! +#!
LK86P4L2LH!k!@<9M!>P27$[cPg!RYEYFaRYEFDH!
! $T4B9g! >Hg! 14Kg! @HkHg! 48:! $4MT748g! (H)H! eE``YfH! -[4MS46<98! 9J! 6P2!
52M46<[2! =9865<BS6<98! 9J! 8<65<=! 9]<:2! 48:! 3259]K8<65<62! 69! 6P2!
LS3352LL<98! 9J! 7<69=P98:5<4M! 52L3<546<98! <8! <77S89L6<7SM462:!










! '4P48g! ^Hg! '45=<8g! #Hg! '4P48g! ,Hg! -528g! /Hg! ^2:<rg! +Hg! $4P48g! -Hg!
@<B259NMSg! +Hg! ^ST2Mg! $Hg! @9TB4Lg! (Hg! '9TS8g! +H^$ *'$ 14!! eCDDFfH! 'P2!




! '4KM95g! @H$Hg! (M45=98g! )H"Hg! 48:!@<MM<45g! 'H.H! eE``ZfH! &8:S=<BM2! 8<65<=!
9]<:2! LK86P4L2! <8! 6P2! M<[25p! 52NSM46<98! 48:! JS8=6<98H! @<9=P27<L65K!
e;9L=f$bNg!FYYaFZEH!
! 'P974Lg! >Hg! %2MM<==<45<g! .Hg! %5ST48Lr<g! ;Hg! (Sv25]g! kHg! 48:!
$=P998c48Lg! tH! eCDDZfH! '45N26<8N! B<M2a4=<:! L<N84MM<8N! J95! 7264B9M<=!
:<L24L2LH!+46!.2[!15SN!1<L=9[$cg!YFZaY`RH!









"S48Ng! >H>Hg! >P9Sg! |H;Hg! 48:! >PS48Ng! kH"H! eCDD`fH! -45MK!
6548L=5<36<984M!:252NSM46<98!9J!P2346<=!7<69=P98:5<4M!B<9N282L<L!48:!




! '9r4=g! ;Hg! '4825g! ^Hg! (K:<8g! $Hg! #Tr45:2Lg! (H@Hg! 1S8:45g! "HlHg!
'4LM<3<845g!;H|Hg!(5<r9rg!(H'Hg!t<M<=g!;Hg!@4L4548g!(H(Hg!48:!@4L4548g!
+H! eCDERfH! %5962=6<[2! 2JJ2=6L! 9J! =S5=S7<8! 4N4<8L6! 9]<:46<[2! L652LL!






! '54S825g! ;Hg! ;2<25g! %HkHg! 48:! @9K25g! kH)H! eE``ZfH! ;9M2=SM45!
346P9N282L<L!9J!=P9M2L64L<LH!+!-8NM!k!;2:$NNPg!ECEFaECCFH!
! '5966<25g! kHg! @<4M2rg! (Hg! >4598g! %Hg! $654r4g! .HkHg! ;<Mr<2v<=Tg! %Hg! 48:!
@45B<25g! #H! eCDEEfH! %59J<M<8N! =<5=SM46<8N! 48:! S5<845K! B<M2! 4=<:L! <8!
346<286L! v<6P! B<M<45K! 9BL65S=6<98! B2J952! 48:! 4J625! B<M<45K! L6286<8NH!
%)9$!#82$bg!2CCD`UH!
! *2:989g! |Hg! '4r2K474g! +Hg! |474N47<g! tHg! 48:! '484r4g! 'H! eE``FfH!
)<3939MKL4==P45<:2a72:<462:! P2346<=! NMS646P<982! :23M26<98! 48:!
359N52LL<[2! 7<69=P98:5<4M! :474N2! <8! 7<=2p! 35962=6<[2! 2JJ2=6! 9J!
NMS646P<982!798926PKM!2L625H!k!$S5N!.2L$cOg!U`aVUH!
! ,4Mr9g! ;Hg! )2<BJ5<6Tg! 1Hg! ;98=9Mg! kHg! >598<8g! ;H'Hg! ;4TS5g! ;Hg! 48:!
'2ML25g! kH! eCDDFfH! /522! 54:<=4ML! 48:! 486<9]<:486L! <8! 89574M!
3PKL<9M9N<=4M! JS8=6<98L!48:!PS748!:<L24L2H! &86!k!@<9=P27!>2MM!@<9M$
NPg!UUaZUH!
! ,4Mr9g! ;Hg! .P9:2Lg! >HkHg! ;98=9Mg! kHg! &T4r9[<=g! ;Hg! 48:! ;4TS5g! ;H!
eCDDYfH! /522! 54:<=4MLg! 7264ML! 48:! 486<9]<:486L! <8! 9]<:46<[2! L652LLa
<8:S=2:!=48=25H!>P27!@<9M!&86254=6$YbOg!EaUDH!
! [48! :25!y925:g!yH)Hg! t9rr2g! /H'Hg! [48! :25! l22g!1H>Hg! 48:!"9Sv28g!
.H"H!eCDEVfH!'964M!B<M<45K!:<[25L<98!4L!4!652467286!936<98!J95!346<286L!
v<6P! 359N52LL<[2! J47<M<4M! <8654P2346<=! =P9M2L64L<L! 48:! (M4N<MM2!
LK8:5972H!k!%2:<465!$S5N$ZOg!EZUYaEZU`H!















! ,25:2g! %Hg! >4L4M<89g! )Hg! '4M9664g! /Hg! |48<[g! ;Hg! 48:! y2<6T748g! kH@H!
eCDDFfH!12=<3P25<8N!(%aE! JS8=6<98! <8! 6S795<N282L<Lp! J54a6258<T<8N!98!
645N26!35979625LH!>2MM!>K=M2$bg!CYRRaCYR`H!
! ,25P44Ng! -H;Hg! @S<L6a"9748g! ;Hg! t92P95L6g! ;Hg! ^5928g! (HtHg!
;9LP4N2g!"Hg! 48:!/4B25g!tH+H! eCDEYfH!"9572L<L! <8!>P9M2L646<=! )<[25!
1<L24L2w!%52=98:<6<98<8N!v<6P!)9v!@<M2!(=<:!>98=286546<98L!%5962=6L!
4N4<8L6!@<M2!(=<:a&8:S=2:!'9]<=<6KH!%)9$!#82$YYg!2DEU`FZCH!
! ,2574g!(Hg!;4]v2MMg! kH1Hg!(8Ng! )Hg!14[<Lg! 'Hg!"9:N2Lg!$Hg!+956PJ<2M:g!
'H>Hg! l4<:<g! ;Hg! 48:! %4T<484Lg! ;H! eCDDCfH! *5L9:29]K=P9M<=! 4=<:!
28P48=2L! J54=6<984M! =4M=<S7! 4BL9536<98! <8! 35<745K! B<M<45K! =<55P9L<LH!
#L6293959L!&86$YNg!YFFaYZCH!
! ,<2<54g! -HtHg! @984g! $Hg!1<! +4L9g! /H>Hg! %954vLr<g!;Hg! '<2339g! kHg! 48:!
;45598<g! +H%H! eCDEEfH! qS25=26<8! 652467286! 472M<95462L! LKL627<=!
9]<:46<[2!L652LL!<8!=<55P96<=!546LH!&$.+!^4L659286259M$[OYYg!YDUDFEH!
! y4N825g! ;Hg! 48:! '54S825g! ;H! eCDEYfH! .2=286! 4:[48=2L! <8!
S8:25L648:<8N!48:!7484N<8N!=P9M2L64L<LH!/EDDD.2L$ZH!
! y48Ng! hHg!"46695<g! |Hg! $469Pg!"Hg! &v464g! >Hg! @48B4g! +Hg!;98:28g! 'Hg!
*=P<:4g!tHg!t47<r4v4g!|Hg!48:!t4L4<g!tH!eCDDFfH!'2654PK:59B<93625<8!









! y46L98g! kH%Hg! k982Lg! 1H-Hg! k472Lg! #H/Hg! >488g! %H(Hg! 48:! @547BM2g!






! yP<64r25g! ;H! eCDDYfH! >4M=<S7!7<=59:974<8L! 48:! =2MM! =K=M2! =98659MH!
>2MM!>4M=<S7$WOg!VZVaV`CH!
! yP<62748g! ;Hg! $328=25g! kH%Hg! $T269g! "H"Hg! 48:! (57L6598Ng! kH$H!
eCDDZfH! 19! 7<69=P98:5<96593<=! 486<9]<:486L! 352[286! =PM95<846<[2!
L652LLa<8:S=2:! 7<69=P98:5<4M! 48:! =2MMSM45! <8cS5K! (86<9]<:! .2:9]!
$<N84M$YOg!YUEaYVDH!
! y9c64M4g!(Hg!@98954g!;Hg!;4M<8Lr4g!1Hg!%<8698g!%Hg!1SLTK8Lr<g!kHg!48:!
y<2=r9vLr<g! ;H.H! eCDEUfH! ;26P9:L! 69! 798<695! .#$! 359:S=6<98! BK!
JMS952L=28=2! 7<=59L=93K! 48:! JMS9597265KH! ;26P9:L! -8TK79M$ ZW[g!
CURaCYCH!
! y9MJg! (Hg! '528:2M28BS5Ng! >H/Hg! 1<2Ta/25848:2Tg! >Hg! %5<269g! %Hg! "9SKg!




48:! k42L=Pr2g! "H! eCDERfH! %M4L74! B<9745r25L! 9J! M<[25! <8cS5K! 48:!






@<M2! 4=<:a<8:S=2:! 82=59L<L! <8! 35<745K! PS748! P23469=K62L! 48:! <8!
346<286L! v<6P! 9BL65S=6<[2! =P9M2L64L<LH! '9]<=9M! (33M! %P4574=9M$ [XNg!
EYZaEFFH!
! y99MB5<NP6g! @H)Hg! 48:! k42L=Pr2g! "H! eCDEYfH! 'P25432S6<=! 645N26L! J95!
=P9M2L646<=!M<[25!<8cS5KH!-]3256!#3<8!'P25!'45N26L$[Og!UYRaUFVH!
! ySg!^Hg!/48Ng!|HlHg!|48Ng!$Hg!)S3698g!kH.Hg!48:!'S5825g!+H1H!eCDDUfH!
^MS646P<982!7264B9M<L7!48:! <6L! <73M<=46<98L! J95!P24M6PH!k!+S65$YNWg!
UZ`aU`CH!




! hSg! kHyHg! &r2:4g! tHg! 48:! |4795<g! |H! eCDDUfH! *352NSM46<98! 9J!
28:96P2M<4M! 8<65<=! 9]<:2! LK86P4L2! BK! =K48<:<8aRaNMS=9L<:2g! 4! 6K3<=4M!
486P9=K48<8!3<N7286H!"K325628L<98$WWg!CEFaCCCH!
! |48Ng!/Hg!'48Ng!hHg!1<8Ng!)Hg!lP9Sg!|Hg!|48Ng!qHg!^98Ng!kHg!y48Ng!^Hg!
y48Ng! lHg! 48:! |48Ng! )H! eCDEYfH! >S5=S7<8! 35962=6L! (+&'a<8:S=2:!
=P9M2L64L<L!6P59SNP!L<N84M<8N!346Pv4K!9J!/h.a52NSM462:!B<M2!4=<:!48:!
<8JM47746<98H!$=<!.23$bg!RRDVCH!
! |9SL2Jg! ;H&Hg! #745g! $H(Hg! -Ma^S28:<g! ;H&Hg! 48:! (B:2M72N<:g! )H(H!
eCDEDfH! %96286<4M! 35962=6<[2! 2JJ2=6L! 9J! XS25=26<8! 48:! =S5=S7<8! 98!
3454=26479Ma<8:S=2:!P<L69M9N<=4M!=P48N2Lg!9]<:46<[2!L652LLg! <734<52:!
M<[25! 48:! r<:82K! JS8=6<98L! 48:! P42746969]<=<6K! <8! 546H! /99:! >P27!
'9]<=9M$WXg!RCUYaRCYEH!
! l47T47<g! +Hg! ;45=P266<g! %Hg! >4L62:9g! ;Hg! 12=4S:<8g! 1Hg! ;4=P9g! (Hg!
"<5L=Pg! 'Hg! $SL<8g! $H(Hg! %26<6g! %HhHg! ;<N89662g! @Hg! 48:! t592725g! ^H!
eE``VfH! $2XS286<4M! 52:S=6<98! 9J! 7<69=P98:5<4M! 6548L727B5482!
396286<4M! 48:! N282546<98! 9J! 524=6<[2! 9]KN28! L32=<2L! <8! 245MK!
359N54772:!=2MM!:246PH!k!-]3!;2:$YX[g!RYFaRFFH!
! l2<8g!>H#Hg!48:!)<8:95g!tH1H!eCDEDfH!)462L6!48:!2725N<8N!6P2543<2L!J95!




! lP48Ng! 1Hg! )<g! kHg! ^49g! kHg! 48:! "S48Ng! >H! eCDD`fH! =akS8I(%aE!





<8! PS748! =S64829SL! LXS479SL! =45=<8974! =2MML! BK! <8P<B<6<8N! 6P2!
7<69N28a4=6<[462:! 35962<8! r<84L2a4=6<[462:! 35962<8! E! 346Pv4KH! >M<8!
-]3!1257469M$NPg!RVUaRYDH!
! lP48Ng!.Hg!;<8g!yHg! 48:!$2LL4g!yH>H! eE``VfH! /S8=6<984M! 484MKL<L! 9J!
6P2!PS748!28:96P2M<4M!8<65<=!9]<:2!LK86P4L2!35979625H!$3E!48:!^('(!









9J! 69MJ2847<=! 4=<:! v<6P! 486<a<8JM4774695K! 4=6<[<6K! 48:! L4J2!
N4L659<862L6<84M!359J<M2H!@<995N!;2:!>P27$YNg!YUZVaYU`CH!
! l<77257488g!"Hg!tS5T28g!%Hg!tM9LL825g!yHg!.28825g!-H)Hg!48:!;456<g!
*H! eE``YfH! 12=524L2:! =98L6<6S6<[2! P2346<=! 8<65<=! 9]<:2! LK86P4L2!
2]352LL<98! <8! L2=98:45K!B<M<45K! J<B59L<L! 48:! <6L! =P48N2L!4J625!.9S]a
28a|!=P9M2:9=P9ac2cS89L697K!<8!6P2!546H!k!"23469M$[Zg!VYFaVFRH!
! l<8N452MM<g! @Hg!14Kg! @HkHg! >5439g! kH1Hg! $4MT748g! (H)Hg! 48:! $T4B9g! >H!



























Mitochondrial-Driven Ubiquinone Enhances Extracellular
Calcium-Dependent Nitric Oxide Production and Reduces
Glycochenodeoxycholic Acid-Induced Cell Death in Hepatocytes
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Ca2+ mobilization, nitric oxide (NO), and oxidative stress have been involved in cell death induced by
hydrophobic bile acid in hepatocytes. The aim of the study was the elucidation of the effect of the
antioxidant mitochondrial-driven ubiquinone (Mito Q) on the intracellular Ca2+ concentration, NO
production, and cell death in glycochenodeoxycholic acid (GCDCA)-treated HepG2 cells. The role of
the regulation of the intracellular Ca2+ concentration by Ca2+ chelators (EGTA or BAPTA-AM), agonist
of Ca2+ entrance (A23187) or NO (L-NAME or NO donor), was assessed during Mito Q cytoprotection
in GCDCA-treated HepG2 cells. Cell death, NO synthase (NOS)-1, -2, and -3 expression, Ca2+
mobilization, and NO production were evaluated. GCDCA reduced the intracellular Ca2+ concentration
and NOS-3 expression and enhanced cell death in HepG2. NO donor prevented and L-NAME enhanced
GCDCA-induced cell death. The reduction of Ca2+ entry by EGTA, but not its release from intracellular
stores by BAPTA-AM, reduced the expression of NOS-3 and enhanced cell death in control and GCDCA-
treated cells. Mito Q prevented the reduction of intracellular Ca2+ concentration, NOS-3 expression, NO
production, and cell death in GCDCA-treated HepG2 cells. The conclusion is that the recovery of Ca2+-
dependent NOS-3 expression by Mito Q may be considered an additional cytoprotective property of an
antioxidant.
Introduction
Cholestatic liver disorders are a heterogeneous group of
diseases with impaired bile flow that are implicated in different
relevant liver dysfunctions such as biliary atresia, primary biliary
cirrhosis, and primary sclerosing cholangitis (1). Cholic acid
and chenodeoxycholic acid are the two primary bile acids in
humans (2). Bile acids are secreted into bile ducts after glycine
or taurine conjugation. More than 95% of the bile acid pool is
reabsorbed from the intestine and transported to the liver, where
they evoke an inhibitory feedback control on bile acid synthesis.
Different amounts of deoxycholic acid and lithocholic acid,
generated after cholic and chenodeoxycholic bacterial dehy-
droxylation, are passively reabsorbed from the colon. The
unrevealing of the cellular and molecular events leading to cell
death induced by toxic bile acid is critical to planning new
interventional strategies. The retention of certain dihydroxy-
hydrophobic bile acids, such as the glycine conjugates of
chenodeoxycholic acid (glycochenodeoxycholic acid, GCDCA)1
in the liver, is believed to play an important role in the
pathogenesis of cholestatic liver injury (3, 4). The circulating
hepatocellular enzymes and the presence of acidophilic bodies
in liver sections from cholestatic patients suggest the presence
of liver injury in the disease (5). The exposure of high
concentrations of hydrophobic bile acids has been associated
with hepatocellular injury (6, 7). Several markers of cellular
apoptosis have also been identified in bile acid-induced cell
death in cultured hepatocytes (8, 9) and hepatoma cells (10, 11).
The involvement of mitochondria and reactive oxygen species
(ROS) production has been demonstrated during bile acid-
induced apoptosis and necrosis in hepatocytes (11-13).
Nitric oxide (NO) exerts a key role on the hepatic metabolism
and liver injury induced by different agents (14, 15). The three
described nitric oxide synthase (NOS) isoforms are present in
the liver, with the inducible (iNOS or NOS-2) and endothelial
constitutive (eNOS or NOS-3) forms the most abundant ones
(15). The expression of the neuronal constitutive (nNOS or
NOS-1) form is limited to the nervous terminations of the liver
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blood vessels (15). NO has been shown to exert pro-apoptotic
and antiapoptotic effects in cultured hepatocytes (16-19). The
beneficial properties may be explained by its capacity to
stimulate cGMP production, caspase nitrosylation, inhibition of
Bid cleavage and translocation to mitochondria, and inhibition
of the mitochondria permeability transition (16). The pro-
apoptotic properties of NO are associated with alteration of
mitochondrial potential and release of apoptotic factors, p53
activation, alteration of bcl-2 expression, and ceramide produc-
tion upon caspasa-3 activation (20, 21). GCDCA prevented
NOS-2 expression and NO production in cytokine-treated rat
hepatocytes (22). NO donor prevented caspase-3 activity and
apoptosis induced by GCDCA in cultured rat hepatocytes
(22, 23).
The expression of NOS-3, but not NOS-1 and NOS-2, was
reliably quantified in control and GCDCA-treated HepG2 cells.
The aim of the present study was the identification of the cellular
events regulating NOS-3 expression during GCDCA-induced
cell death in hepatocytes. Several reports have shown that the
elevation of intracellular Ca2+ concentration increased NOS-2
gene and/or protein expression and subsequent NO production
(24). In this sense, the study evaluated the role of Ca2+,
intracellular and extracellular, on the expression of NOS-3 and
cell death in GCDCA-treated hepatocytes. In addition, we tested
if the cytoprotective properties of known antioxidant mitochon-
dria-driven ubiquinone (Mito Q) were related to the alteration
to intracellular Ca2+ concentration and NOS-3 expression in
GCDCA-treated hepatocytes.
Experimental Procedures
Cell Culture. HepG2 cells (human hepatoma) were obtained
from the NIH ATCC repository (Bethesda, MD) and maintained
in Eagle’s minimun essential medium (EMEM) (M0643, Sigma-
Aldrich) culture medium supplemented with sodium pyruvate (1
mM), NaHCO3 (2.2 g/L), penicillin (100 U/mL), streptomycin (100
µg/mL), amphotericin B (0.25 µg/mL), and 10% fetal bovine serum
(Invitrogen Corp., Carlsbad, CA). Forty-eight hours after seeding,
cell death was induced by GCDCA (500 µM), and cells were
harvested at different time points according to the studied parameter.
An extracellular [ethylene glycol tetraacetic acid (EGTA), 3 mM]
or intracellular (BAPTA-AM, 10 µM) Ca2+ chelator was pread-
ministered (2 h) to GCDCA-treated hepatocytes in experiments to
evaluate their involvement on cell death parameters and NOS-3
expression. BAPTA-AM is a cell-permeable derivative, which
becomes active upon intracellular activation by esterase. The
increase of extracellular Ca2+ entrance was induced by A23187
(0.5 µM) coadministration in GCDCA-treated hepatocytes. The
inhibition of Ca2+ sequestration by endoplasmic reticulum was
carried out by thapsigargin (5 µM) in control hepatocytes. A NOS
inhibitor (L-NAME, 0.5 mM) or NO donor [(Z)-1-[2-(2-aminoethyl)-
N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate or NONOate,
0.3 mM] was preadministered (2 h) to GCDCA-treated HepG2 cells.
Mito Q (1 µM) was coadministered to GCDCA-treated hepatocytes.
Mito Q is an ubiquinone derivative targeted to mitochondria by
covalent attachment to a lipophilic triphenylphosphonium cation
through an aliphatic carbon chain. Mito Q was synthesized
according to the procedure described by Kelso et al. (25).
Measurement of ROS Production.Different fluorescent probes
have been developed for the measurement of oxidative and
nitrosative stress in cells (26). The use of 2,7-dicholorofluoresceine
diacetate (DCFDA; Molecular Probes Europe BV, Leiden, The
Netherlands) is by far the most common probe for measurement
of ROS production. DCFDA (or DCFH2) is potently oxidized by
CO3
•- and NO2
• radicals. DCFDA has very low reactivity toward
superoxide anion (O2
•-) and hydrogen peroxide (H2O2), whose
increased reactivity probably reflects the presence of metal in the
cell system (Fenton chemistry) (27). The contribution of H2O2 to
the oxidation of DCFDA was determined with the preincubation
(30 min) of cells with catalase (500 U/mL). Hepatocytes were
incubated with DCFDA (2 µM) for 30 min. The culture medium
was removed and replaced with PBS to avoid any interference with
the measurement of cell fluorescence. The fluorescence emitted by
DCFDA (Ex ) 500, and Em ) 520) was assessed in situ using a
GENios Microplate Reader (TECAN).
Preparation of the Cytoplasm and Nuclear Extracts. The
cytoplasm and nuclear fractions from hepatocytes (3 × 106) were
obtained by cell fractionation (28). Briefly, hepatocytes were treated
with lysis buffer (800 µL) containing 10 mM HEPES, pH 7.9, 10
mM KCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM
EGTA, 5 µg/mL aprotinin, 10 µg/mL leupeptin, 0.5 mM phenyl-
methylsulfonyl fluoride, 1 mM ditiothreitol (DTT), and 0.6%
Nonidet NP-40 for 10 min on ice. Afterward, samples were
homogenized and centrifuged at 15000g for 3 min at 4 °C. Aliquots
of the supernatant (cytoplasm) were stored at -80 °C until use for
the measurement of lactate dehydrogenase (LDH) release and
caspase-3 activation. The pellet (nuclear fraction) was discarded.
Measurement of LDH Release. LDH in the culture medium
(130 µL) and cytoplasm (5 µL) was assessed with 0.2 mM !-NADH
and 0.4 mM pyruvic acid up to 200 µL of PBS, pH 7.4. The LDH
concentration in the sample was proportional to the rate of NADH
oxidation measured by the absorbance at 334 nm (OD/min) using
a GENios Microplate Reader (TECAN). The LDH concentration
in the cytoplasm and culture medium was calculated using a
commercial standard (GE Healthcare, Buckinghamshire, United
Kingdom). The LDH release (%) was calculated as the ratio [(LDH
culture medium)/(LDH cytoplasm+ LDH culture medium)]× 100.
Assay for Caspase-3-Associated Activity.The cytoplasm frac-
tion obtained above was used to measure caspase-3 activity in
hepatocytes. The caspase-3-associated activity in the sample (25
µg) was measured using N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
trifluoromethy coumarin (Ac-DEVD-AFC, Bachem AG, Bubendorf,
Switzerland) (100 µM) in caspase-incubating buffer (50 mM
HEPES pH 7.5, 100 mM NaCl, 10% sucrose, 0.1% CHAPS, 1 mM
EDTA, and 5 mM DTT) up to 100 µL of total volume. The
fluorescence of the sample (Ex) 400, and Em) 505) was recorded
using a GENios Microplate Reader (TECAN, Salzburg, Austria).
Measurement of NO Production. The release of NO was
assessed by the quantification of its related end products, nitrite +
nitrate. In the assay, nitrate was converted to nitrite by nitrate
reductase (EC 1.6.6.2), and total nitrite was measured using the
Griess reaction (29). Briefly, the samples were incubated with 0.2
U/mL nitrate reductase, 5 mM FAD, and 50 mM NADPH at 37
°C for 20 min. The reaction was stopped by the addition of 10
mM sodium pyruvate and 24 mg/mL LDH at 37 °C for 5 min and
precipitated with 1.4% ZnSO4. Total nitrite reacted with Griess
reagent (1% sulphanilamide, 2.5% PO4H3, and 0.1% n-naphthyl-
ethylene-diamine) at 37 °C for 10 min, and the absorbance was
read at 540 nm using a GENios Microplate Reader (TECAN).
Measurement of Free Cytosolic Calcium Concentration in
Single Cells. The free cytosolic Ca2+ concentration was determined
using the fluorescent calcium probe fluo4-AM (Molecular Probes,
Eugene, OR). HepG2 cells (15000 cells/cm2) were incubated with
supplemented EMEM (without fetal bovine serum) plus 2.5 µM
fluo4-AM and 0.02% pluronic acid (stock solution × 1000 in
Me2SO) for 30 min. After loading, cells were washed in phosphate
buffer solution (PBS) (to remove any dye nonspecifically associated
with the cell surface), and fresh media were added including
treatments (EGTA, BAPTA-AM, thapsigargin, A23187, and Mito
Q when required). GCDCA was administered either at 5 min after
EGTA or Mito Q or at 20 min after BAPTA-AM. The fluorescence
was recorded for 5 or 20 min (accordingly to the treatment) before
GCDCA, as well as for 4 min after GCDCA administration.
The images were collected with a Nikon Eclipse TE2000 E
microscope (Nikon, Tokyo, Japan), and the signal (Ex ) 488 nm,
and Em ) 543 nm) was processed by the MetaFluor Software
(Imaging Corp., West Chester, PA).
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Total RNA Isolation and Quantitative Real-Time RT-PCR
Procedure. Total RNA from HepG2 cells was extracted using
Trisure (Bioline, London, United Kingdom) reagent according to
the manufacturer’s recommendations (Life Technologies Inc.). RNA
was precipitated using ice-cold isopropanol, washed with 75%
ethanol, and resuspended in RNase-free water (Sigma). RNA was
treated with DNase I (Promega, Madison, WI) (1 IU/µg RNA) at
37 °C for 30 min. DNase I was degraded at 65 °C for 10 min. The
integrity of RNA was verified following separation by electro-
phoresis on 0.8% agarose gel containing 0.5% (v/v) ethidium
bromide.
The expression of mRNA for NOS-1, NOS-2, and NOS-3 was
examined by quantitative real-time RT-PCR using the LightCycler
thermal cycler system (Roche Diagnostics, Indianapolis, IN). RT-
PCR was performed in one step, using the QuantiTect SYBR Green
RT-PCR kit (Qiagen GmbH, Hilden, Germany), following the
manufacturer’s protocol. First-strand cDNA synthesis was per-
formed with 5 ng/µL of total RNA diluted in reaction mixture
including Omniscript and Sensiscript Reverse Transcriptase, as well
as the specific sets of primers for human NOS-1 (sense, 5′- CCCCA
CCTCA GGAAA ACAGT C-3′; and antisense, 5′-CTCTG TGTCC
TTGAG CTGGT AAG-3′), NOS-2 (BIOSOURCE, Nivelles,
Belgium) (catalog number GHO0144, cDNA reference GenBank
U05810) and NOS-3 (sense, 5′-AGGGC GACAT GGAGC TGGAC
GAG-3′; and antisense, 5′-GTGTC TGAGC CGGGA GGGTC
GAA-3′) and 18S (MVG-Biotech AG, Getotek, Sabadell, Spain)
(sense, 5′-GTAAC CCGTT GAACC CCATT-3′; and antisense, 5′-
CCATC CAATC GGTAG TAGCG-3′).
The RT conditions were 20 min at 55 °C and 15 min at 95 °C.
The amplification protocol consisted of 50 cycles of incubation after
initial denaturation at 95 °C for 20 s (20 °C/s), 60 °C for 20 s (20
°C/s), and 72 °C for 25 s (2 °C/s). The melting conditions were
fixed at 65 °C (0.1 °C/s). To confirm amplification specificity, the
amplified fragments were analyzed by 1.5% agarose gel electro-
phoresis containing ethidium bromide, the PCR products were
subjected to a melting curve analysis, and negative and positive
controls containing either RNase-free water or control positive
solution (BIOSOURCE) instead of sample were run to confirm that
the samples were not cross-contaminated. Quantitation of relative
expression was determined by the 2(∆Ct) method.
NOS-3 Expression. NOS-3 expression was assessed by Western
blot analysis in cytoplasm fraction. Proteins (50µg) were separated
by 6% SDS-PAGE and transferred to nitrocellulose. The membranes
were incubated with the corresponding primary rabbit polyclonal
(1/1000) (sc-654, Santa Cruz Biotechnology, Inc., CA) antibodies
and secondary goat antirabbit polyclonal (1/50000) (sc-2301, Santa
Cruz Biotechnology, Inc.) antibodies coupled to horseradish per-
oxidase, revealing the protein content by commercial enhanced
chemiluminescence (ECL) assay (RPN2135, GE Healthcare).
!-Actin, used as internal protein loading, was identified with
commercial rabbit polyclonal antibodies (1/5000) (ab8227, Abcam,
Cambridge, United Kingdom). A purified commercial NOS-3
(catalog number 360880, Cayman, Ann Arbor, MI) protein was
used as a standard.
Statistical Analysis. Results are expressed as means ( SEMs
of five experiments. Data were compared using analysis of variance
with the least significant difference (LSD) test as posthoc multiple
comparison analysis. The statistical differences were set at p e
0.05. The groups with “a” were significantly different vs the
corresponding control group. The groups with “b” were significantly
different vs the corresponding group without GCDCA.
Results
Mito Q Reduced Oxidative Stress and Cell Death In-
duced by GCDCA. The hepatocellular injury induced by
GCDCA is associated with ROS production in hepatocytes
(11, 12). The administration of different antioxidants, such as
R-tocopherol, ebselen (a peroxiredoxin mimetic), bilirubin, or
lazaroid, reduced ROS generation, and apoptosis induced by
GCDCA (13, 30, 31). The administration of catalase showed
that around 50% of DCFDA oxidation was caused by H2O2 in
GCDCA-treated hepatocytes. (Figure 1A) (p e 0.05). The
coadministration of Mito Q reduced DCFDA oxidation in
GCDCA-treated hepatocytes (Figure 1B) (p e 0.05). The
coadministration of Mito Q reduced caspase-3 activity (Figure
2A) and hepatocellular necrosis (Figure 2B) induced by GCDCA
in HepG2 (p e 0.05).
Role of NOS-3 in GCDCA-Treated Hepatocytes. NO is
mainly produced by NOS-2 and NOS-3 in hepatocytes (15).
We were not able to detect a reliable mRNA and protein
expression of NOS-1 and NOS-2 in HepG2. However, NOS-3
mRNA and protein content were systematically detected in
HepG2 cells. GCDCA prevents the induction of NOS-2 expres-
sion and NO production in cultured rat hepatocytes (22). The
induction of hepatocellular injury by GCDCA (Figure 2) was
related to a reduction in NOS-3 mRNA (Figure 3A) and protein
(Figure 3B) expression, as well as NO production (Table 1) in
HepG2 (p e 0.05). In concordance with Bucher et al. (22), the
exogenous NO supplementation with NONOate prevented
caspase-3 activity (Figure 4) induced by GCDCA in hepatocytes.
The preadministration of the NOS inhibitor, L-NAME, enhanced
caspase-3 activity in GCDCA-treated hepatocytes (Figure 4) (p
e 0.05). Mito Q increased the nitrite + nitrate concentration in
culture medium obtained from GCDCA-treated hepatocytes
Figure 1. Effect of Mito Q on the production of ROS in GCDCA-treated HepG2 cells. The production of ROS was assessed by the oxidation of
DCFDA in control and GCDCA (0.5 mM)-treated HepG2 cells. Mito Q was coadministered to GCDCA-treated HepG2 cells. The contribution of
H2O2 to the oxidation of DCFDA was determined by the preincubation (30 min) of cells with catalase (500 U/mL). The procedure for the measurement
of ROS production by DCFDA is described in the Experimental Procedures. Each bar represents the mean ( SE of five independent experiments.
The statistical differences were set at p e 0.05. The groups with “a” were significantly different vs the corresponding control group. The groups
with “b” were significantly different vs the corresponding group without GCDCA.
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(Table 1). In addition, the administration of Mito Q increased
NOS-3 mRNA (Figure 3A) and protein (Figure 3B) expression
in GCDCA-treated HepG2.
Role of Calcium and NOS-3 in GCDCA-Treated Hepa-
tocytes. The induction of apoptosis by GCDCA has been
associated with an increase in the intracellular concentration of
Mg2+ but not Ca2+ (9) and PKC activation (10) in rat
hepatocytes. The administration of EGTA, but not BAPTA-
AM, reduced the intracellular Ca2+ concentration in HepG2 cells
(Figure 5A). The incubation with A23187 or thapsigargin
induced a sharp or gradual increase in the intracellular Ca2+
concentration, respectively (Figure 5A). This observation sug-
gests that the extracellular Ca2+ entrance and endoplasmic
reticulum Ca2+ sequestration are functional. GCDCA induced
a transient reduction of the intracellular Ca2+ concentration in
HepG2 (Figure 5B). However, GCDCA did not change the
reduction of intracellular Ca2+ concentration induced by EGTA
(Figure 5B). This may suggest that GCDCA was not able to
induce Ca2+ release from endoplasmic reticulum stores. This
idea was also supported by the inability of BAPTA-AM to
change intracellular Ca2+ concentration measured by fluo4-AM
in GCDCA-treated HepG2 cells (Figure 5B). The coadminis-
tration of an extracellular Ca2+ chelator (EGTA), but not
intracellular Ca2+ chelator (BAPTA-AM), drastically enhanced
caspase-3 activity (Figure 6A) and LDH release (Figure 6B) in
GCDCA-treated hepatocytes (p e 0.05). The intracellular Ca2+
Figure 2. Effect of Mito Q on caspase-3-associated activity (A) and LDH release (B) in GCDCA-treated HepG2 cells. Mito Q was coadministered
to GCDCA-treated HepG2 cells. Caspase-3-associated activity was assessed using Ac-DEVD-AFC as the corresponding peptide-based substrates.
LDH release represents the percentage of LDH in the culture medium in relation to total LDH. Each bar represents the mean( SE of five independent
experiments. The statistical differences were set at p e 0.05. The groups with “a” were significantly different vs the corresponding control group.
The groups with “b” were significantly different vs the corresponding group without GCDCA.
Figure 3. Effect of Mito Q on the NOS-3 expression in GCDCA-treated HepG2 cells. Mito Q was coadministered to GCDCA-treated HepG2 cells.
The mRNA expression (A) was determined by quantitative RT-PCR using the procedure and the primers described in the Experimental Procedures.
The NOS-3 protein expression (B) was assessed by SDS electrophoresis coupled to Western blot analysis (line 1, control; line 2, Mito Q; line 3,
GCDCA; and line 4, GCDCA + Mito Q). The statistical analysis of densitometric values of the spots is shown below each blot. !-Actin was used
as internal protein loading. Each bar represents the mean ( SE of five independent experiments. The statistical differences were set at p e 0.05.
The groups with “a” were significantly different vs the corresponding control group. The groups with “b” were significantly different vs the
corresponding group without GCDCA.
Table 1. Effect of Mito Q on the Concentration of NO End
Products in GCDCA-Treated HepG2 Cellsa
treatments nitrite/nitrate (µM)
control 9.5 ( 0.20
Mito Q 8.7 ( 0.27
GCDCA 6.1 ( 0.45 a, b
GCDCA + Mito Q 8.0 ( 0.98 a
a Mito Q was co-administered to GCDCA-treated HepG2 cells. The
nitrite + nitrate concentration in culture medium was determined by the
Griess reaction as described in the Experimental Procedures. Each bar
represents the mean ( SE of five independent experiments. The
statistical differences were set at p e 0.05. The groups with “a” were
significantly different vs the corresponding control group. The groups
with “b” were significantly different vs the corresponding group without
GCDCA.
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concentration is important for the expression of NOS-2 in
inflammatory cells (24). The reduction of intracellular Ca2+
concentration drastically prevents NOS-3 overexpression in-
duced by blood flow perturbation in endothelial cells (32).
EGTA, but not BAPTA-AM, reduced NOS-3 expression in
control cells (Figure 7) (pe 0.05). The cytoprotective properties
of Mito Q (Figure 2) were related to the prevention of GCDCA-
induced intracellular Ca2+ (Figure 5C) and NOS-3 expression
(Figure 3) reduction in HepG2. Interestingly, an agonist of
cellular Ca2+ entrance, such as A23187 (Figure 5A), reduced
caspase-3 activation (Figure 8A) and LDH release (Figure 8B)
induced by GCDCA in HepG2 (p e 0.05). This effect of
A23187 was related to a marked increase in NOS-3 expression
in control and GCDCA-treated HepG2 cells (Figure 8C) (p e
0.05).
Discussion
The accumulation of toxic hydrophobic bile acid induces cell
injury in hepatocytes. The main finding of our study is the
important role of Ca2+ and NOS-3 during cell death induced
by GCDCA in HepG2. The reduction of intracellular Ca2+
concentration and NOS-3-derived NO was associated with a
rise of apoptotic and necrotic markers induced by GCDCA in
HepG2. In addition, the beneficial properties of antioxidants,
such as Mito Q, were related to the prevention of intracellular
Ca2+ reduction and recovery of NOS-3 expression in GCDCA-
treated HepG2 cells.
The exposure of hydrophobic bile acids has been associated
with the induction of apoptosis in cultured hepatocytes (8, 9)
and hepatoma cell line (10, 11). Patel et al. (9) have shown
that the initial onset of apoptosis by low concentration of
GCDCA (50 µM) is related to an increase in the intracellular
free Mg2+, but not Ca2+, concentration. Nevertheless, the
hepatocellular necrosis induced by a high concentration of
GCDCA (250 µM) is related to mitochondrial dysfunction, ATP
depletion, and a sustained rise in the intracellular Ca2+
concentration in rat hepatocytes (33). Under our conditions,
features of apoptosis and necrosis were observed, suggesting
that Ca2+ and oxidative stress might have an important role in
GCDCA-treated HepG2 cells. Moreover, the addition of GCD-
CA was followed by a transient reduction in the intracellular
Ca2+ concentration. The entrance of extracellular Ca2+ but not
Ca2+ release from intracellular stores appeared as an essential
requirement for the survival of cultured HepG2. The administra-
tion of an extracellular Ca2+ chelator such as EGTA, but not
BAPTA-AM, reduced intracellular Ca2+ concentration and
enhanced cell death in control and GCDCA-treated cells. The
Figure 4. Effect of an inhibitor of NOS and NO donor on the caspase-
3-associated activity in GCDCA-treated HepG2 cells. L-NAME and
NONOate were used as the NOS inhibitor and NO donor, respectively.
L-NAME and NONOate were administered 2 h before GCDCA in
HepG2. Caspase-3-associated activity was assessed using Ac-DEVD-
AFC as the corresponding peptide-based substrates. Each bar represents
the mean ( SE of five independent experiments. The statistical
differences were set at p e 0.05. The groups with “a” were significantly
different vs the corresponding control group. The groups with “b” were
significantly different vs the corresponding group without GCDCA.
Figure 5. Regulation of the intracellular Ca2+ concentration by Ca2+
chelators in control (A) and GCDCA-treated (B) cells, as well as by
Mito Q (C) in GCDCA-treated HepG2 cells. The intracellular Ca2+
concentration was assessed by fluo4-AM. After cell incubation (30 min)
with the probe, cells were washed and the corresponding treatments
were added (EGTA, BAPTA-AM, thapsigargin, A23187, or Mito Q).
GCDCA was administered either at 5 min after EGTA or Mito Q or at
20 min after BAPTA-AM. The fluorescence was recorded for 5 or 20
min (accordingly to the treatment) before GCDCA, as well as for 4
min after GCDCA administration. The fluorescence (Ex ) 488 nm,
and Em ) 543 nm) was recorded by a Nikon Eclipse TE2000 E
microscope and processed by the MetaFluor Software as described in
the Experimental Procedures. The images are representative of four
independent experiments.
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induction of apoptosis by GCDCA has been related to the
activation and cell membrane translocation of protein kinase C
(PKC)-R, -δ, and -ε in GCDCA-treated hepatocytes (10).
Nevertheless, other studies showed that taurolitocholic acid
induces selective translocation of PKC-ε, but not PKC-R, -δ,
and -# to hepatocellular membrane. Tauroursodeoxycholic acid
and its hydrophobic 7R-hidroxi epimer or taurochenodeoxy-
cholic acid, agents used for the treatment of cholestatic disorders,
enhanced intracellular Ca2+ concentration (34) through Ni2+-
sensitive Ca2+ channels, with cell membrane translocation of
PKC-R in cultured hepatocytes (35). Beuers et al. (36) showed
that the beneficial properties of ursodeoxycholic acid may be
related to enhanced vesicular exocytosis by Ca2+-dependent
PKC activation in plasma membrane.
The involvement of mitochondria ROS production has also
been clearly demonstrated in GCDCA-treated hepatocytes
(11-13). ROS are mediators in the alteration of calcium
homeostasis, which precedes other morphological and functional
cellular alterations (37). Low concentrations (1-10 µM) of H2O2
exhibit no effect on cytosolic Ca2+ concentration, while 100
µM H2O2 induced intracellular oscillations in human aortic
endothelial cells (38). The reduction of DCFDA oxidation by
catalase suggests that H2O2 production was partly involved in
the ROS-dependent oxidation of DCFDA in GCDCA-treated
HepG2 cells. The study suggests that ROS production was
related to alteration of Ca2+ entrance, but not intracellular Ca2+
stores, during GCDCA-induced cytotoxicity in HepG2 cells. In
nonelectrically excitable cells, Ca2+ influx is mainly mediated
by receptor-operated channels, second messenger-operated
channels, or store-operated channels. Although no clear evidence
exists about the role of ROS on the activation of second
messenger-operated channels, oxidative stress has been shown
to prevent Ca2+ entry through receptor-operated channels (39).
The main mechanism for Ca2+ entry in nonexcitable cells is
through store-operated channels (40). The store-operated chan-
nels have been reported to be reduced by treatment with H2O2
at concentrations g100 µM through activation of PKC (41).
The induction of ROS by NS5A and core proteins altered Ca2+
entry and extrusion by the plasma membrane Ca2+-ATPase in
Huh7-transfected cells (42). The administration of mitochon-
drial-targeted antioxidant, or Mito Q, prevented the reduction
of intracellular Ca2+ concentration, increased NOS-3 expression,
and reduced cell death induced by GCDCA in HepG2. The
association between Ca2+ and NOS-3 expression was further
confirmed by the reduction in NOS-3 expression in EGTA-
treated HepG2 cells. Ca2+ entry participates in NOS-3 expression
(43) and is essential for NOS-3 activation (44) in endothelial
cells. Another antioxidant, such as N-acetylcysteine, has been
shown to increase both NOS-3 mRNA and protein expression
in endothelial cells (45). It is feasible that the antioxidant may
increase NOS activity by stabilization of its dimeric form, as
well as extending NO half-life through its ROS scavenging
activity. However, the kinetic constants suggest that the rate of
reactions between common antioxidants and O2• is much slower
than the rate of the reaction between O2• and NO (46, 47). This
raises the possibility that antioxidants may have other effects
on the NO pathway beyond those described above. The promoter
of human NOS-3 gene contains simian virus 40 promoter factor
1 (Sp-1), activator protein 1 (AP-1), and antioxidant response
elements (48), all of which are regulated by cellular redox state
(49, 50). The Sp1 site is an important positive cis-element in
the core NOS-3 promoter, and the deletion of AP-1 sequence
(-1600 to -1300-bp) increased the promoter NOS-3 activity
(48). Bert et al. (51) showed that AP-1 transcriptional activity
increased by 40% after exposure to GCDCA in HepG2 cells.
In addition, the administration of an inhibitor of AP-1 (51) or
the regulation of AP-1 expression by tauroursodeoxycholate (52)
reduces GCDCA-induced apoptosis in HepG2 cells.
In conclusion, our study suggests that the administration of
Mito Q increased the intracellular Ca2+ concentration and NOS-3
Figure 6. Effect of Ca2+ chelators on the caspase-3-associated activity (A) and LDH release (B) in GCDCA-treated HepG2 cells. EGTA and
BAPTA-AM were preadministered (2 h) to GCDCA-treated HepG2 cells. Caspase-3-associated activity was assessed using Ac-DEVD-AFC as the
corresponding peptide-based substrates. LDH release represents the percentage of LDH in the culture medium in relation to total LDH. Each bar
represents the mean ( SE of five independent experiments. The statistical differences were set at p e 0.05. The groups with “a” were significantly
different vs the corresponding control group. The groups with “b” were significantly different vs the corresponding group without GCDCA.
Figure 7. Effect of Ca2+ chelators on NOS-3 mRNA expression in
GCDCA-treated HepG2 cells. EGTA and BAPTA-AM were pread-
ministered (2 h) to GCDCA-treated HepG2 cells. The mRNA expression
was determined by quantitative RT-PCR using the procedure and the
primers described in the Experimental Procedures. Each bar represents
the mean ( SE of five independent experiments. The statistical
differences were set at p e 0.05. The groups with “a” were significantly
different vs the corresponding control group. The groups with “b” were
significantly different vs the corresponding group without GCDCA.
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expression and reduced cell death induced by GCDCA in HepG2
cells. Further studies are required to elucidate the mechanisms
by which ROS production affect Ca2+ entrance, as well as the
relevant impact of the antioxidant on AP-1-dependent transcrip-
tional regulation of NOS-3 expression in GCDCA-induced cell
death in HepG2.
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The intracellular oxidative stress has been involved in bile acid-induced cell death in hepatocytes. Nitric
oxide (NO) exerts cytoprotective properties in glycochenodeoxycholic acid (GCDCA)-treated hepatocytes.
The study evaluated the involvement of Ca2+ on the regulation of NO synthase (NOS)-3 expression during
N-acetylcysteine (NAC) cytoprotection against GCDCA-induced cell death in hepatocytes. The regulation of
Ca2+ pools (EGTA or BAPTA-AM) and NO (L-NAME or NO donor) production was assessed during NAC
cytoprotection in GCDCA-treated HepG2 cells. The stimulation of Ca2+ entrance was induced by A23187 in
HepG2. Cell death, Ca2+ mobilization, NOS-1, -2 and -3 expression, AP-1 activation, and NO production
were evaluated. GCDCA reduced intracellular Ca2+ concentration and NOS-3 expression, and enhanced cell
death in HepG2. NO donor prevented, and L-NAME enhanced, GCDCA-induced cell death. The reduction of
Ca2+ entry by EGTA, but not its release from intracellular stores by BAPTA-AM, enhanced cell death in
GCDCA-treated cells. The stimulation of Ca2+ entrance by A23187 reduced cell death and enhanced NOS-3
expression in GCDCA-treated HepG2 cells. The cytoprotective properties of NAC were related to the
recovery of intracellular Ca2+ concentration, NOS-3 expression and NO production induced by GCDCA-
treated HepG2 cells. The increase of NO production by Ca2+-dependent NOS-3 expression during NAC
administration reduces cell death in GCDCA-treated hepatocytes.
© 2009 Elsevier Inc. All rights reserved.
Introduction
Apoptosis is involved in the normal regulation of the organ size, as
well as in the underlying mechanism of cell death in liver diseases.
The induction of oxidative stress is a key event in the intracellular
pathways leading to cellular apoptosis (Singh and Czaja, 2007).
Mitochondria or cytochrome P450-dependent metabolism are free
radical generation sites related to the induction of cell death (Orrenius
et al., 2007; Shiba and Shimamoto, 1999). The intense intracellular
oxidative stress depletes cellular reduced glutathione (GSH) content
during cell death (Nagai et al., 2002; Matsumaru et al., 2003). The
accumulation of di-hydroxy-hydrophobic bile acids, such as the
glycine conjugates of chenodeoxycholic acid (glycochenodeoxycholic
acid, GCDCA) in the liver is believed to play an important role in the
pathogenesis of cholestatic liver injury (Attili et al., 1986; Greim et al.,
1972). GCDCA induces cell death in cultured hepatocytes (Galle et al.,
1990; Sokol et al., 1995; Patel et al., 1994; Jones et al., 1997). The
involvement of mitochondrial reactive oxygen species (ROS) gener-
ation has been determined during bile acid-induced apoptosis and
necrosis in hepatocytes (Rodrigues et al., 1998; Botla et al., 1995;
Yerushalmi et al., 2001).
The regulation of intracellular oxidative stress by antioxidants may
determine cell fate and mode of cell death (Chandra et al., 2000).
Different antioxidant strategies have been shown to be useful to
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reduce oxidative stress and cell death in hepatocytes. GSH is the most
abundant non-protein thiol present in mammalian cells. The highly
reactive cysteine sulfhydryl residues allow GSH to be conjugated to
toxic electrophiles by cellular GSH transferases. Additionally, GSH
participates as a co-substrate in various GSH-dependent peroxidase
reactions, protecting cells or tissues against oxidative damage by
metabolizing toxic organic molecules and hydrogen peroxide (H2O2).
The maintenance of cellular GSH content prevents cell damage in
different in vivo (Uedono et al., 1997) and in vitro (Colell et al., 1998)
experimental models of hepatotoxicity. The administration of N-
acetylcysteine (NAC), an excellent source of intracellular cysteine and
free radical scavenger, has been shown to have clinical applications in
HIV infection, cancer, heart disease, as well as in smoking, kidney and
liver diseases (Kelly, 1998).
Nitric oxide (NO) exerts a key role on the hepatic metabolism
and liver injury induced by different agents (Alexander, 1998;
Clemens, 1999). The three described nitric oxide synthase (NOS)
isoforms are present in the liver, being the inducible (iNOS or
NOS-2) and endothelial constitutive (eNOS or NOS-3) forms the
most abundant ones (Clemens, 1999). The expression of the
neuronal constitutive (nNOS, NOS-1) form is limited to the nervous
terminations of the liver blood vessels (Clemens, 1999). NO has been
shown to exert pro-apoptotic and anti-apoptotic effect in cultured
hepatocytes (Chung et al., 2001; Kim et al., 2000; Kim et al., 1997;
Siendones et al., 2004). The beneﬁcial properties may be explained
by its capacity to stimulate cGMP production, caspase nitrosylation,
inhibition of Bid cleavage and translocation to mitochondria, and
inhibition of the mitochondria permeability transition (Chung et al.,
2001). The pro-apoptotic properties of NO are associated to
alteration of mitochondrial potential and release of apoptotic factors,
p53 activation, alteration of bcl-2 expression and ceramide produc-
tion upon caspasa-3 activation (Li and Wogan, 2005; Vieira and
Kroemer, 2003).
Reactive oxygen and nitrogen species may act as intracellular
messengers in normal cell functions. However, the induction of
oxidative stress is related to Ca2+ signaling disturbances, alteration
of cell function and cell death in different diseases and chemical
toxicity (Ermak and Davies, 2002; Nicotera and Orrenius, 1998). The
induction of cell death by GCDCA has been related to alteration of
intracellular Ca2+ concentration in hepatocytes (Spivey et al., 1993).
In addition, several reports have shown that the elevation of
intracellular Ca2+ concentration increased NOS-2 gene and/or
protein expression and subsequent NO production (Park et al.,
1996). In this sense, the hypothesis of the study was the potential
restoration of Ca2+ disturbances and NO-dependent cell signaling by
antioxidant therapy during GCDCA-induced cell death in HepG2
cells. The aim of the present study was the identiﬁcation of the role
of Ca2+ entrance, or its release from intracellular stores, on the
expression of NOS-3 and cell death in GCDCA-treated hepatocytes. In
addition, we assessed if the reduction of oxidative stress and
cytoprotective properties by NAC were related to the alteration to
intracellular Ca2+ concentration and NOS-3 expression in GCDCA-
treated hepatocytes.
Experimental procedures
Cell culture. HepG2 cells (human hepatoma) were obtained from
the NIH ATCC repository (Bethesda, MD) andmaintained inMinimum
Essential Medium Eagle (EMEM) (M0643, Sigma-Aldrich) culture
medium supplemented with sodium pyruvate (1 mM), NaHCO3
(2.2 g/l), penicillin (100 U/ml), streptomycin (100 μg/ml),
amphotericin B (0.25 μg/ml) and 10 % fetal bovine serum (Invitrogen
Corporation, Carlsbad, CA, USA) for 48 h before induction of cell death
by GCDCA (500 μM). An extracellular (EGTA, 3 mM), or intracellular
(BAPTA-AM, 10 μM) Ca2+ chelator were pre-administered (2 h) to
GCDCA-treated hepatocytes in order to evaluate their involvement on
cell death and NOS-3 expression. BAPTA-AM is a cell-permeable
derivative which became active upon intracellular activation by
esterase. The extracellular Ca2+ entrance was induced by A23187
(0.5 μM) co-administered with GCDCA in HepG2 cells. The NOS
inhibitor N (G)-nitro-L-argininemethyl ester (L-NAME, 0.5mM) or NO
donor (Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-
1-ium-1,2-diolate (NONOate, 0.3 mM) were pre-administered (2 h)
to GCDCA-treated hepatocytes. NAC (0.5 mM) was co-administered
with GCDCA in HepG2 cells (Sinbandhit-Tricot et al., 2003; Zaragoza
et al., 2001).
Measurement of ROS production. ROS were detected using 2,7-
dichloroﬂuorescein diacetate (DCFDA; Molecular Probes Europe BV,
Leiden, The Netherlands) dye in hepatocytes. The production of anion
superoxide (O2
U−) was monitored using dihydroethidium (DHE;
Molecular Probes) probe in hepatocytes. Hepatocytes were incubated
with DHE (10 μM) or DCFDA (2 μM) for 20 and 30 min, respectively.
Cells were treated with digitonin (10 μM) for 5 min in order to
eliminate probe not retained in mitochondria. The culture medium
was removed and replacedwith PBS in order to avoid any interference
with the measurement of cell ﬂuorescence. The ﬂuorescence emitted
by DHE (Ex 510, Em 590) and DCFDA (Ex 500, Em 520) was assessed
in situ using a GENios Microplate Reader (TECAN).
Preparation of the cytoplasm and nuclear extracts. The cytoplasm
and nuclear fractions were obtained through cell fractionation
(Schreiber et al., 1989). Brieﬂy, hepatocytes (3 × 106) were treated
with lysis buffer (300 μl) containing 10 mMHEPES pH 7.9, 10 mMKCl,
0.1 mM ethylene diamine tetraacetic acid (EDTA), 0.1 mM ethylene
glycol tetraacetic acid (EGTA), 5 μg/ml aprotinin, 10 μg/ml leupeptin,
1 mM phenylmethylsulfonyl ﬂuoride, 1 mM ditiothreitol (DTT) and
0.6% Nonidet NP-40 for 10 min on ice. Afterwards, samples were
homogenized and centrifuged at 15,000 × g for 3 min at 4 °C. Aliquots
of the supernatant (cytoplasm) were stored at −80 °C until use for
the measurement of lactate dehydrogenase (LDH) release and
caspase-3-associated activity. After removal the cytoplasmic fraction,
the nuclear pellet was resuspended in 50 μl of nuclear extraction
buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA,
5 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl
ﬂuoride, and 1 mM DTT). The tube was incubated for 20 min on ice
with continuousmixing and centrifuged at 15,000 × g for 5min at 4 °C.
Aliquots of the supernatant (nuclear fraction) were stored at –80C
until use for the measurement of AP-1 expression.
Measurement of LDH release. LDH in the culture medium (130 μl)
and cytoplasm (5 μl) was assessed with 0.2 mM β-NADH and 0.4 mM
pyruvic acid up to 200 μl PBS pH 7.4. LDH concentration in the sample
was proportional to the rate of NADH oxidation measured by the
absorbance at 334 nm (OD/min) using a GENios Microplate Reader
(TECAN). LDH concentration in the cytoplasm and culture medium
was calculated using a commercial standard (GE Healthcare). The LDH
release (%) was calculated as the ratio [(LDH culture medium)/(LDH
cytoplasm+LDH culture medium)] × 100.
Measurement of NO production. NO was assessed by the quantiﬁ-
cation of its related end products, nitrite+nitrate. In the assay, nitrate
was converted to nitrite by nitrate reductase (EC 1.6.6.2) and total
nitrite was measured using the Griess reaction (Green et al., 1982).
Brieﬂy, the samples were incubated with 0.2 U/ml nitrate reductase,
5 mM FAD and 50 mM NADPH at 37 °C for 20 min. The reaction was
stopped by the addition of 10 mM sodium pyruvate and 24 mg/ml
LDH at 37 °C for 5 min, and precipitated with 1.4% ZnSO4. Total nitrite
reacted with Griess reagent (1% sulphanilamide, 2.5% PO4H3 and 0.1%
n-naphthyl-ethylene-diamine) at 37 °C for 10 min and it was read
using the 540-nm ﬁlter in a titrated Organon Teknika 510 ELISA
reader.
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Measurement of free cytosolic calcium concentration in single cells.
The free cytosolic Ca2+ concentration was determined with the
ﬂuorescent calcium indicator ﬂuo4-AM (Molecular Probes, Eugene,
OR, USA). HepG2 cells (15000 cells/cm2) were incubated with
supplemented EMEM (without fetal bovine serum) plus 2.5 μM
ﬂuo4-AM and 0.02% pluronic acid (stock solution × 1000 in Me2SO)
for 30 min. BAPTA-AM were co-administered with ﬂuo4-AM in
hepatocytes. After loading, the cells were washed in phosphate
buffer solution (PBS) (to remove any dye nonspeciﬁcally associated
with the cell surface) and added fresh media including treatments
(EGTA, BAPTA-AM, NAC and/or GCDCA when required). Fluores-
cence images were collected with a Nikon Eclipse TE2000 E
microscope (Nikon, Tokyo, Japan) and the signal (Ex 488 nm, Em
543 nm) processed by the MetaFluor Software (Imaging Corp., West
Chester, PA, USA).
Total RNA isolation and quantitative real-time RT-PCR procedure.
Total RNA from HepG2 cells was extracted using Trisure (Bioline,
London, UK) reagent according to the manufacturer's recommen-
dations (Life Technologies Inc.). RNA was precipitated using ice-cold
isopropanol, washed with 75% ethanol and resuspended in RNAse-
free water (Sigma). RNA was treated with DNAse I (Promega,
Madison, WI, USA) (1 IU/μg RNA) at 37 °C for 30 min. DNAse I was
degraded at 65 °C for 10 min. The integrity of RNA was veriﬁed
following separation by electrophoresis on 0.8% agarose gel con-
taining 0.5% (v/v) ethidium bromide.
The expression of mRNA for NOS-1, NOS-2 and NOS-3 was
examined by quantitative real-time RT-PCR using the LightCycler
thermal cycler system (Roche Diagnostics, Indianapolis, USA). RT-PCR
was performed in one step, using the QuantiTect SYBR Green RT-PCR
kit (Qiagen GmbH, Hilden, Germany), following the manufacturer's
protocol. First-strand cDNA synthesis was performed with 5 ng/μl of
total RNA diluted in reaction mixture including Omniscript and
Sensiscript Reverse Transcriptase, as well as the speciﬁc sets of
primers for human NOS-1 (sense, 5 - CCCCA CCTCA GGAAA ACAGT C-
3 , and antisense, 5 -CTCTG TGTCC TTGAG CTGGT AAG-3 ), NOS-2
(BIOSOURCE, Nivelles, Belgium) (Catalog number GHO0144, cDNA
reference GenBank U05810) and NOS-3 (sense, 5 -AGGGC GACAT
GGAGC TGGAC GAG-3 , and antisense, 5 -GTGTC TGAGC CGGGA
GGGTC GAA-3 ) and 18S (MVG-Biotech AG, Getotek, Sabadell, Spain)
(sense, 5 -GTAAC CCGTT GAACC CCATT-3 , and antisense, 5 -CCATC
CAATC GGTAG TAGCG-3 ).
The RT conditions were 20 min at 55 °C and 15 minutes at 95 °C.
The ampliﬁcation protocol consisted of 50 cycles of incubation after
initial denaturation at 95 °C for 20 s (20 °C/s), 60 °C for 20 s (20 °C/s)
and 72 °C for 25 s (2 °C/s). The melting conditions were ﬁxed at 65 °C
(0.1 °C/s). To conﬁrm ampliﬁcation speciﬁcity, the ampliﬁed
fragments were analyzed by 1.5% agarose gel electrophoresis contain-
ing ethidium bromide, the PCR products were subjected to a melting
curve analysis, and negative and positive controls containing either
RNAse-free water or control positive solution (BIOSOURCE) instead of
sample were run to conﬁrm that the samples were not cross-
contaminated. Quantitation of relative expression was determined by
the 2(ΔCt) method.
NOS-3 expression. NOS-3 expression was assessed by Western-blot
analysis in cytoplasm fraction. Proteins (50 μg) were separated by 6
% SDS-PAGE and transferred to nitrocellulose. The membranes were
incubated with the corresponding primary rabbit polyclonal (1/
1000) (sc-654, Santa Cruz Biotechnology, Inc., California, USA)
antibodies, and secondary goat anti-rabbit polyclonal (1/50000)
(sc-2301, Santa Cruz Biotechnology, Inc.,) antibodies coupled to
horseradish peroxidase, revealing the protein content by commercial
enhanced chemiluminescence (ECL) assay (RPN2135, GE Healthcare,
Buckinghamshire, UK). β-actin, used as internal protein loading, was
identiﬁed with commercial rabbit polyclonal antibodies (1/5000)
(ab8227, Abcam, Cambridge, UK). A puriﬁed commercial NOS-3
(Catalog number 360880, Cayman, Ann Arbor, MI, USA) protein was
used as standard.
AP-1 expression. Activator protein 1 (AP-1) expression in nuclear
extract was evaluated by radioactive electrophoretic mobility shift
assay (EMSA). AP-1 consensus oligonucleotides 5 -CGCTTGATGAGT-
CAGCCGGAA-3 and 3 -GCGAACTACTCAGTCGGCCTT-5 (Promega,
Madison, USA) were used. Probes were labeled at the 5 end with
T4 polynucleotide kinase (Promega, Madison, Wisconsin, USA) and
[γ-32P]ATP (Amersham Biosciences, Uppsala, Sweden). Excess
unreacted ATP was separated from the labeled probe using
MicroSpin™ G25 columns (Amersham Biosciences, Piscataway,
New Jersey, USA). Binding reaction (25 μl) contained 15 μg protein,
Fig. 1. Effect of N-acetylcysteine (NAC) on the production of reactive oxygen species
(ROS) in glycochenodeoxycholate (GCDCA)-treated HepG2 cells. The production of ROS
(A) and superoxide anion (O2U−) (B) was determined at 2, 6 and 12 h after induction of
cell cytotoxicity by GCDCA (0.5 mM) in HepG2. NAC (0.5 mM) was co-administered to
GCDCA-treated HepG2 cells. ROS and anion superoxide (O2
U−) were determined by 2,7-
dichloroﬂuorescein diacetate (DCFDA) and dihydroethidium (DHE) dies following the
procedure described in Materials and methods. Each bar represents the mean±SE of
ﬁve independent experiments. The statistical differences were set at p≤0.05. The
groups with “a” were signiﬁcantly different vs. the corresponding control group with
GCDCA. The groups with “b” were signiﬁcantly different vs. the corresponding control
group without GCDCA.
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5 μl incubation buffer (50 mM Tris–HCl, pH 7.5, 200 mM NaCl,
5 mM EDTA, 5 mM β-mercaptoethanol, 5 mM MgCl2 and 20%
glycerol) and 1 μg poly(dI-dC) (Promega). Samples were incubated
for 15 min on ice and added the corresponding amount of
32P-labeled probe. Samples were incubated for 15 min at room
temperature and loaded on 6% native polyacrylamide gel electro-
phoresis. Gels were ﬁxed (30% methanol, 10% glacial acetic acid)
and dried at 90 °C under vacuum. Dried gels were visualized by
autoradiography (Hyperﬁlm, Amersham Biosciences, Uppsala,
Sweden). The identiﬁcation of AP-1 complex was carried by
incubation of the mixture with afﬁnity-puriﬁed polyclonal anti-
bodies against c-jun and c-fos (4 μg/ml) subunit (Santa Cruz
Biotechnology, Inc.) for 1 h on ice before 32P-labeled probe addition.
The use of afﬁnity-puriﬁed polyclonal antibodies against c-jun and
c-fos reduced the expression of AP-1 expression in control sample
(Fig. 3C). A competitive assay was also carried out by incubating
the mixture with cold probe (100-fold excess) for 1 h on ice before
32P-labeled probe addition. The competitive assay using an excess of
cold probe abolished the radioactive signal of AP-1 in control
sample (Fig. 3C).
Statistical analysis. Results are expressed as mean±SEM of ﬁve
experiments. The studied variables are quantitative, and followed a
normal distribution according to the Shapiro–Wilk test. The data of
ROS (Fig. 1A) and O2
U− (Fig. 1B) were analyzed by three-way
ANOVA, using GCDCA, NAC and time as the three independent
variables. The data of caspase-3 (Fig. 2A), LDH (Fig. 2B), NOS-3
expression (Fig. 3) and nitrite+nitrate (Table 1) were assessed by
two-way ANOVA using GCDCA and NAC as the two independent
variables. The comparisons of overall means from main effects were
only evaluated in the absence of interactions among independent
variables. By contrast, the means were compared in each category in
the presence of interaction among independent variables. In both
situations, the comparisons were carried out using the Sidak
adjustment as a post-hoc multiple comparison analysis. The effect
of NONOate and L-NAME on caspase-3-associated activity (Table 2),
as well as the effect of EGTA, BAPTA and A23187 on caspase-3-
associated activity (Table 3) and NOS-3 expression (Table 3) in
GCDCA-treated hepatocytes was assessed by one-way ANOVA due
to the absence of all possible combinations of the factors. The
homogeneity of variances was assessed by Levene's test. The data
were submitted to the one-way ANOVA analysis in order to
determine the overall differences among the groups. The Student–
Newman–Keuls and C de Dunnet have been used as post-hoc
multiple comparison analysis according to the homogeneity of
variances. The statistical differences were set at p≤0.05. The groups
with “a” were signiﬁcantly different vs. the corresponding control
Fig. 2. Effect of N-acetylcysteine (NAC) on caspase-3-associated activity (A) and lactate
dehydrogenase (LDH) release (B) in glycochenodeoxycholate (GCDCA)-treated HepG2
cells. NAC (0.5 mM) was co-administered to GCDCA-treated HepG2 cells. Caspase-3-
associated activity was assessed using acid-N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
triﬂuoromethyl coumarin (Ac-DEVD-AFC) as the corresponding peptide-based sub-
strates. LDH release represents the percentage of LDH in the culture medium in relation
to total LDH. Each bar represents the mean±SE of ﬁve independent experiments. The
statistical differences were set at p≤0.05. The groups with “a” were signiﬁcantly
different vs. the corresponding control group with GCDCA. The groups with “b” were
signiﬁcantly different vs. the corresponding control group without GCDCA.
Table 1
Effect of N-acetylcysteine (NAC) on the concentration of nitric oxide (NO)-end products
in glycochenodeoxycholate (GCDCA)-treated HepG2 cells.





NAC was co-administered to GCDCA-treated HepG2 cells. The nitrite+nitrate
concentration in culture medium was determined by the Griess reaction as described
in Materials and methods. Each bar represents the mean±SE of ﬁve independent
experiments. The statistical differences were set at p≤0.05. The groups with “a” were
signiﬁcantly different vs. the corresponding control group with GCDCA. The groups
with “b” were signiﬁcantly different vs. the corresponding control group without
GCDCA.
Table 2
Effect of an inhibitor of nitric oxide synthase (NOS) and nitric oxide (NO) donor on the
caspase-3-associated activity in glycochenodeoxycholate (GCDCA)-treated HepG2
cells.
Treatments Caspase-3-associated activity







N (G)-nitro-L-arginine methyl ester (L-NAME) and (Z)-1-[2-(2-aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate (NONOate) were used as NOS
inhibitor and NO donor, respectively. L-NAME and NONOate were administered 2 h
before GCDCA in HepG2. Caspase-3-associated activity was assessed using acid-N-
acetyl-Asp-Glu-Val-Asp-7-amino-4-triﬂuoromethyl coumarin (Ac-DEVD-AFC) as the
corresponding peptide-based substrates. Each bar represents the mean±SE of ﬁve
independent experiments. The statistical differences were set at p≤0.05. The groups
with “a” were signiﬁcantly different vs. the corresponding control group with GCDCA.
The groups with “b” were signiﬁcantly different vs. the corresponding control group
without GCDCA.
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group with GCDCA. The groups with “b” were signiﬁcantly different
vs. the corresponding control group without GCDCA. The commer-
cial software SPSS v. 15.0 (SPSS, Inc, Chicago, Illinois, USA) was used
for the statistical analysis.
Results
NAC reduced oxidative stress and cell death induced by GCDCA
The hepatocellular injury induced by GCDCA is associated to ROS
production in hepatocytes (Rodrigues et al., 1998; Botla et al., 1995).
GCDCA induced a sharp increase of ROS at 2 h (p≤0.000), 6 h
(p≤0.000), and 12 h (p≤0.000) in hepatocytes (Fig. 1A). The
production of ROS by GCDCA declined from 2 to 12 h in hepatocytes
(p≤0.000; mean difference: 19.75; C.I. 95% 13.35–26.15) (Fig. 1A).
The production of O2
U−was not signiﬁcantly altered overtime (Fig. 1B).
GCDCA increased O2
U− production (Fig. 1B, p≤0.000). The co-
administration of NAC reduced ROS and O2
U− production in GCDCA-
treated hepatocytes (Figs. 1A and B) (p≤0.000 at 2 h). The kinetic
comparison between the Figs. 1A and B showed that the beneﬁcial
properties of NAC against O2U− production was more sustained than
that observed with the DCFDA-reacting ROS in hepatocytes. The co-
administration of NAC reduced caspase-3 activity (Fig. 2A) and
hepatocellular necrosis (Fig. 2B) induced by GCDCA in HepG2
(p≤0.005).
Role of NOS-3 in GCDCA-treated hepatocytes
NO is mainly produced by NOS-2 and NOS-3 in hepatocytes
(Clemens, 1999). We were not able to detect a reliable NOS-1 and
Table 3
Effect of an extracellular and intracellular Ca2+ chelator, and Ca2+ agonist on the
caspase-3-associated activity and mRNA nitric oxide synthase (NOS)-3 expression in
glycochenodeoxycholate (GCDCA)-treated HepG2 cells.
Treatments Caspase-3-asssociated activity










GCDCA+A23187 16875±1757.4a 117± 3.5a
EGTA (3 mM) or BAPTA-AM (10 μM) were pre-administered to GCDCA-treated HepG2.
A23187 (0.5 μM) was co-administered to GCDCA-treated HepG2 cells. Caspase-3-
associated activity was assessed using acid-N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
triﬂuoromethyl coumarin (Ac-DEVD-AFC) as the corresponding peptide-based
substrates. The mRNA expression was determined by quantitative RT-PCR using the
procedure and the primers described inMaterials andmethods. Each bar represents the
mean±SE of ﬁve independent experiments. The statistical differences were set at
p≤0.05. The groups with “a” were signiﬁcantly different vs. the corresponding control
group with GCDCA. The groups with “b” were signiﬁcantly different vs. the
corresponding control group without GCDCA.
Fig. 3. Effect of N-acetylcysteine (NAC) on nitric oxide synthase (NOS)-3 and activator
protein-1 (AP-1) expression in glycochenodeoxycholate (GCDCA)-treated HepG2 cells.
NAC (0.5 mM) was co-administered to GCDCA-treated HepG2 cells. The mRNA
expression (A) was determined by quantitative RT-PCR using the procedure and the
primers described in Materials and methods. The NOS-3 protein expression (B) was
assessed by SDS electrophoresis coupled to Western-blot analysis (line 1: control, line
2: NAC, line 3: GCDCA and line 4: GCDCA+NAC). A puriﬁed commercial NOS-3 protein
was used as standard (ST) in the image. β-actin was used as internal protein loading.
The expression of AP-1 in nuclear fraction was determined by electrophoretic mobility
shift assay (EMSA) (D). A preliminary competitive study was carried out using cold
probe (CP), anti-c-jun and anti-c-fos antibodies to identify the AP-1 complex in control
(S) sample (C). The statistical analysis of densitometric values of the spots is shown
below each blot. Each bar represents the mean±SE of ﬁve independent experiments.
The statistical differences were set at p≤0.05. The groups with “a” were signiﬁcantly
different vs. the corresponding control group with GCDCA. The groups with “b” were
signiﬁcantly different vs. the corresponding control group without GCDCA. The images
were representative of 4 independent experiments.
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NOS-2mRNA and protein expression in HepG2. But, NOS-3mRNA and
protein content were systematically detected in HepG2 cells. GCDCA
reduced the cytokine-dependent induction of NOS-2 expression and
NO production in cultured rat hepatocytes (Bucher et al., 2007). The
induction of hepatocellular injury by GCDCA (Fig. 2) was related to a
reduction of NOS-3 mRNA (Fig. 3A) and protein (Fig. 3B) expression
(p≤0.001), as well as NO production (Table 1) in HepG2 (p≤0.006).
In concordance with Bucher et al. (2007), the exogenous NO supp-
lementation with NONOate prevented caspase-3 activity (Table 2,
p≤0.05) induced by GCDCA in hepatocytes. The pre-administration of
the NOS inhibitor, L-NAME, enhanced caspase-3 activity in GCDCA-
treated hepatocytes (Table 2) (p≤0.000). The administration of NAC
increased NOS-3 mRNA (Fig. 3A) and protein (Fig. 3B) expression
(p≤0.002), and NO production (Table 1, p≤0.05) in GCDCA-treated
HepG2. AP-1 and antioxidant response elements are involved in the
regulation of NOS-3 gene (Zhang et al., 1995). NAC reduced the
expression of AP-1 in nuclear fractions from control and GCDCA-
treated hepatocytes (Fig. 3D).
Role of Ca2+ in GCDCA-treated hepatocytes
The induction of apoptosis by glycodeoxycholate has been
associated to an increase of the intracellular concentration of Mg2+
but not Ca2+ (Patel et al., 1994), and PKC activation (Jones et al., 1997)
in hepatocytes. EGTA, but not BAPTA-AM, reduced the intracellular
Ca2+ concentration in hepatoma cells (Fig. 4A). GCDCA also induced a
transient reduction of the intracellular Ca2+ concentration in HepG2
(Fig. 4B). The administration of an extracellular Ca2+ chelator (EGTA),
but not intracellular Ca2+ chelator (BAPTA-AM), enhanced caspase-3
activity in GCDCA-treated hepatocytes (Table 3) (p≤0.05). The
intracellular Ca2+ concentration is important for the expression of
NOS-2 in inﬂammatory cells (Park et al., 1996). The reduction of
intracellular Ca2+ concentration drastically reduced the increase of
NOS-3 expression induced by shear stress in endothelial cells (Xiao et
al., 1997). Therefore, the inhibition of Ca2+ entrance by EGTA, but not
BAPTA-AM, reduced NOS-3 expression in control cells (Table 3)
(p≤0.05). The administration of NAC prevented the reduction of Ca2+
entrance induced by GCDCA in hepatocytes (Fig. 4C). Then, the
cytoprotective properties of NAC (Fig. 2) were related to the
prevention of GCDCA-induced intracellular Ca2+ (Fig. 4C) and NOS-
3 expression (Fig. 3) reduction in HepG2. The administration of an
agonist of cellular Ca2+ entrance, such as A23187, reduced caspase-3
activity (p≤0.05) and enhanced (p≤0.000) NOS-3 expression in
GCDCA-treated HepG2 cells (Table 3).
Discussion
The accumulation of toxic hydrophobic bile acid induces cell injury
in hepatocytes. The study showed the important role of Ca2+ and
NOS-3 expression during cell death induced by GCDCA in HepG2. The
cytoprotective properties of NAC administration were related to the
recovery of intracellular Ca2+ concentration and NOS-3 expression in
GCDCA-treated HepG2 cells.
The exposure of hydrophobic bile acids has been associated to the
induction of apoptosis in hepatocytes (Galle et al., 1990; Sokol et al.,
1995; Patel et al., 1994; Jones et al., 1997). Patel et al. (Patel et al.,
1994) have shown that the initial onset of apoptosis by low
concentration of GCDCA (50 μM) is related to an increase of cytosolic
Fig. 4. Regulation of the intracellular Ca2+ concentration by Ca2+ chelators in control
(A) and glycochenodeoxycholate (GCDCA)-treated (B) cells, as well as by N-
acetylcysteine (NAC) (C) in GCDCA-treated HepG2 cells. EGTA (3 mM) or NAC
(0.5 mM) was co-administered to GCDCA-treated HepG2 cells. BAPTA-AM (10 μM)was
pre-administered (30 min) to GCDCA-treated HepG2 cells. The intracellular Ca2+
concentration was determined with the ﬂuorescent calcium indicator ﬂuo4-AM by
confocal microscopy as described in Materials and methods. The images are
representative of 4 independent experiments.
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freeMg2+without changes in basal Ca2+ concentration. Nevertheless,
the hepatocellular necrosis induced by high concentration of GCDCA
(250 μM) is related to mitochondrial dysfunction, ATP depletion, and
sustained raise of intracellular Ca2+ concentration in rat hepatocytes
(Bucher et al., 2007). In our conditions, GCDCA induced a transient
reduction of intracellular Ca2+ concentration. The entrance of
extracellular Ca2+, but not intracellular Ca2+ mobilization, appeared
as an essential requirement for the survival of control HepG2 cells. The
administration of an extracellular Ca2+ chelator such as EGTA, but not
the intracellular one BAPTA-AM, reduced intracellular Ca2+ concen-
tration and enhanced caspase-3 activity in GCDCA-treated cells. The
induction of apoptosis by GCDCA has been related to the activation
and translocation to cell membrane of protein kinase C (PKC)-α, -δ
and -  in GCDCA-treated hepatocytes (Jones et al., 1997). Neverthe-
less, other studies showed that taurolitocholic acid induces selective
translocation of PKC-  , but not PKC-α, -δ and -ζ to hepatocellular
membrane (Beuers et al., 1999). The administration of beneﬁcial
agents for the treatment of cholestatic disorders, such as taurourso-
deoxycholic acid and its hydrophobic 7α-hidroxi epimer or taur-
ochenodeoxycholic acid, enhanced intracellular Ca2+ concentration
(Beuers et al., 1993) through Ni2+-sensitive Ca2+ channels, with
translocation of PKC-α to cell membrane in cultured hepatocytes
(Beuers et al., 1996). Beuers et al. (Beuers et al., 2001) showed that the
beneﬁcial properties of ursodeoxycholic acid may be related to
enhanced vesicular exocytosis by Ca2+-dependent PKC activation in
plasma membrane.
The involvement of mitochondria and ROS production has also
been clearly demonstrated in GCDCA-treated hepatocytes (Rodrigues
et al., 1998; Botla et al., 1995; Yerushalmi et al., 2001). ROS are
mediators in the alteration of calcium homeostasis, which precedes
other morphological and functional alterations of the cells (Rosado et
al., 2006). The induction of oxidative stress is related to Ca2+ signaling
disturbances, alteration of cell function and cell death in different
diseases and chemical toxicity (Ermak and Davies, 2002; Nicotera and
Orrenius, 1998). Low concentrations (1–10 μM) of H2O2 exhibit no
effect on cytosolic Ca2+ concentration, while 100 μM H2O2 induced
intracellular oscillations in human aortic endothelial cells (Hu et al.,
1998). The induction of ROS by NS5A and core proteins altered Ca2+
entry and extrusion by the plasma membrane Ca2+-ATPase in Huh7-
transfected cells (Dionisio et al., 2009). The study showed that the
induction of ROS production was associated to a reduction of Ca2+
entrance during GCDCA-induced cytotoxicity in HepG2 cells.
The induction of oxidative stress is generally related to a
depletion of intracellular reduced glutathione (GSH) content during
cell death (Nagai et al., 2002; Matsumaru et al., 2003). The
maintenance of mitochondrial GSH content prevents cells damage
in different experimental models of hepatotoxicity (Uedono et al.,
1997; Colell et al., 1998). The administration of NAC reduced
oxidized/reduced GSH ratio and cell death in D-galactosamine-
treated human hepatocytes (González et al., 2009). The reduction of
ROS production by NAC was related to a recovery of Ca2+ entrance, a
raise of NOS-3 expression and reduction of cell death in GCDCA-
treated HepG2 cells. The association between Ca2+ and NOS-3
expression was further conﬁrmed with the reduction of NOS-3
expression by EGTA in HepG2. Ca2+ regulates NOS-3 expression
(Mitsuyama et al., 1998) and activation (Tran et al., 2000) in
endothelial cells. NAC increases NOS-3 mRNA and protein expression
in endothelial cells (Ramasamy et al., 1999). It is feasible that NAC
may increase NOS activity by stabilization of its dimeric form, as well
as prolong functional NO half-life due to its ROS scavenging-
dependent activity. However, the kinetic constants suggest that the
rate of reactions between common antioxidants and O2
U− is much
slower than the rate of the reaction between O2
U− and NO (Forman
and Fridovich, 1973; Huie and Padmaja, 1993). This raises the
possibility that antioxidants may have other effects on NO pathway
beyond scavenging O2U− with extension of NO half-life. The present
study suggests that NAC recovered the intracellular Ca2+ concen-
tration and enhanced NOS-3 expression in GCDCA-treated HepG2
cells. The promoter of human NOS-3 gene contains simian virus 40
promoter factor 1 (Sp-1), AP-1 and antioxidant response elements
(Zhang et al., 1995), all of which are regulated by cellular redox state
(Esposito et al., 2004; Sen and Packer, 1996). The deletion of AP-1
sequence (−1600 to −1300 bp) increased the promoter NOS-3
activity (Zhang et al., 1995). Bernt et al. (2006) showed that AP-1
transcriptional activity increased 40% after exposure to GCDCA in
HepG2 cells. In addition, the administration of an inhibitor of AP-1
(Bernt et al., 2006) or taurine conjugate of ursodeoxycholate (Pusl et
al., 2008) reduced GCDCA-induced apoptosis in HepG2 cells. GCDCA
did not increase AP activation in HepG2, but NAC reduced AP-1
expression in nuclear fraction from control and GCDCA-treated
HepG2 cells.
In conclusion, our study suggests that the administration NAC rose
the intracellular Ca2+ concentration, NOS-3 expression and reduced
cell death induced by GCDCA in HepG2 cells. Further studies are
required to elucidate the relative impact of AP-1 and antioxidant
response elements regulation in the cytoprotective properties of NAC
against GCDCA-induced cell death in HepG2.
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A B S T R A C T
During the course of cholestatic liver diseases, the toxic effect of bile acids accumulation has been related
to the decreased expression of endothelial nitric oxide synthase (NOS-3) and cellular oxidative stress
increase. In the present study, we have investigated the relationship between these two biological
events. In the human hepatocarcinoma cell line HepG2, cytotoxic response to GCDCA was characterized
by the reduced activity of the respiratory complexes II + III, the increased expression and activation of the
transcription factor Sp1, and a higher binding capacity of this at positions !1386, !632 and !104 of the
NOS-3 promoter (pNOS-3). This was associated with a decreased promoter activity and a consequent
reduction of NOS-3 expression. The use of antioxidants in GCDCA-treated cells caused a lower activation
of Sp1 and the recovery of the pNOS-3 activity and NOS-3 expression and activity. Similarly, the specific
inhibition of Sp1 resulted in the improvement of NOS-3 expression. Both, antioxidant treatment and Sp1
inhibition were associated with the reduction of cell death-related parameters. Bile duct ligation in rats
confirmed in vitro results concerning the activation of Sp1 and the reduction of NOS-3 expression. Our
results provide direct evidence for the involvement of Sp1 in the regulation of NOS-3 expression during
cholestasis. Thus, the identification of Sp1 as a potential negative regulator of NOS-3 expression
represents a new mechanism by which the accumulation of bile acids causes a cytotoxic effect through
the oxidative stress increase, and provides a new potential target in cholestatic liver diseases.
! 2015 Elsevier Inc. All rights reserved.
Abbreviations: ADHP, 0-acetyl-3, 7-dihydroxyphenoxazine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BDL, bile duct ligation group; CLD, cholestatic
liver disease; DHE, dihydroethidium; ERK1/2, extracellular-signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GCDCA, Glycochenodeoxycholic
acid; GGTY, -glutamyltranspeptidase; GPX, glutathione peroxidase; HDAC, histone deacetylase; H2DCFDA, 2,7-dichlorodihydrofluorescein diacetate; H2O2, hydrogen
peroxide; JNK, cJun-terminal kinase; LDH, lactate dehydrogenase; MAPK, mitogen-activated protein kinase; MitA, mithramycin A; MitoQ, mitochondria-targeted
ubiquinone; MnTBAP, manganese (III) tetrakis (4-benzoic acid) porphyrin chloride; NO, nitric oxide; NOS, nitric oxide synthase; NOS-3, endothelial NOS; O2
"!, superoxide
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TA, tolfenamic acid; TFBS, transcription factors binding sites.
* Corresponding author at: Maimonides Institute of Biomedical Research (IMIBIC), Reina Sofı´a Hospital, Avda. Mene´ndez Pidal s/n, 14004 Co´rdoba, Spain.
Tel.: +34 957213808; fax: +34 957010452.
E-mail address: gusfesa@gmail.com (G. Ferrı´n).
1 These two authors have contributed equally to the study.
2 Present address: Department of General Surgery, Hospital Universitario Virgen del Rocı´o-Virgen Macarena/IBiS/CSIC/Universidad de Sevilla, Seville, Spain.
G Model
BCP-12234; No. of Pages 13
Please cite this article in press as: Gonza´lez-Rubio S, et al. GCDCA down-regulates gene expression by increasing Sp1 binding to the
NOS-3 promoter in an oxidative stress dependent manner. Biochem Pharmacol (2015), http://dx.doi.org/10.1016/j.bcp.2015.04.017
Contents lists available at ScienceDirect
Biochemical Pharmacology
jo u rn al h om epag e: ww w.els evier .c o m/lo cat e/b io c hem p har m
http://dx.doi.org/10.1016/j.bcp.2015.04.017
0006-2952/! 2015 Elsevier Inc. All rights reserved.
1. Introduction
Bile salt synthesis, secretion and recycling represent crucial
liver functions for the maintenance of metabolic homeostasis.
During cholestatic liver disease (CLD), toxic bile acids are
accumulated in serum and liver as a consequence of their impaired
formation and excretion into the hepatocyte canaliculus, which
can result in fibrosis, cirrhosis and chronic liver failure [1]. It has
been proposed that the deleterious effect of the accumulation of
bile acids during cholestasis is related to oxidative stress. Thus,
liver injury occurring from the bile duct ligation has been
associated with mitochondrial dysfunction, which is an important
source of reactive oxygen species (ROS), and disturbances in the
antioxidant system [2,3].
Nitric oxide (NO) is a well-known pleiotropic agent influencing
multiple aspects of the liver physiopathology. Depending on
factors such as its concentration or generating source, NO has been
reported to act as a primary mediator of liver damage or as a potent
protective against hepatic injury [4]. In liver, NO can be
synthesized by the activity of the three known isoforms of nitric
oxide synthase (NOS), the endothelial isoform (NOS-3) being
considered as the main source of endogenous NO [5]. The use of
molecular treatments associated with the increase of NOS-3
expression and activity in CLD has shown a beneficial effect for the
liver [6,7]. In addition, the administration of antioxidants reduces
the hepatotoxicity of bile acids in vitro [8–10] and in vivo [3],
through the prevention of NOS-3 expression decrease and the
detoxification of ROS [11]. Thus, bioreactivity of NO mitigates the
effect of ROS production [12]. Besides its role in ROS detoxification,
NO can act as a cytoprotective agent by inhibiting caspases through
direct nitrosylation [13].
Glycochenodeoxycholic acid (GCDCA) is a bile salt generated in the
liver from chenodeoxycholic acid and glycine, whose relatively high
toxicity and concentration in bile and serum after cholestasis has
extended its use in cellular models of the disease [8–10]. Previously,
we have reported that NOS-3 expression is decreased in the human
hepatocarcinoma cell line HepG2 in response to GCDCA, and that the
recovery of its expression and activity is related to the cytoprotective
action of antioxidant molecules [8,9]. In the present study we set out
to identify the elements responsible for regulating NOS-3 expression
during CLD, as well as to analyse the role of oxidative stress in this
process. Clarifying molecular mechanisms underlying hepatocellular
cytotoxicity related to cholestasis disorders could be helpful for the
design and development of new interventional strategies and
treatments.
2. Materials and methods
2.1. Cell lines and culture conditions
The human hepatocarcinoma cell line HepG2 (European
Collection of Cell Cultures) was routinely maintained as previously
reported [8,9]. The pGL4-NOS3 cell line was obtained by stable
transfection of HepG2 cells with the plasmid pGL4.20 [luc2/Puro]
(Promega, Wisconsin, USA) containing the luciferase reporter gene
under the control of the human NOS-3 promoter (pNOS-3;
1601 nucleotides, GenBank accession no. AF387340.1; Fig. 1).
Dr. Huige Li (Department of Pharmacology, Johannes Gutenberg
Fig. 1. Nucleotide sequence of the human NOS-3 promoter. Sequence of 1601 bases of the 50-flanking region of the human NOS-3 gene (GenBank accession number AF387340.
1). Circles: start codon ATG, and position !1 of the pNOS-3; Boxes: Sp1 Binding Sites; Arrows: Forward/Reverse primers used in ChIP assays.
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University, Mainz, Germany) kindly donated the pNOS-3 sequence
and no sequence variations were detected after vector construc-
tion. The control cell line pGL4 was obtained by stable transfection
of HepG2 cells with the pGL4.20 [luc2/Puro] vector, without
promoter sequence insertion. For the establishment of the cell
lines, 75,000 cells/cm2 were transfected with the appropriate
vector, using the Fugene6 transfection reagent (Roche, Basel,
Switzerland) in 1:3.5 ratio (mg plasmid DNA:ml Fugene6).
Transfected cells were selected by adding 2 mg/ml puromycin
(Sigma-Aldrich, Missouri, USA) to the culture medium. Thirteen
cell clones for pGL4-NOS3 were isolated after antibiotic selection.
2.2. In vitro studies
2.2.1. Experimental procedure
Cells were plated at 150,000 cells/cm2 and 0.5 mM GCDCA
(Sigma-Aldrich) was administered after 48 h of cell culture. The
SOD mimetic MnTBAP (manganese (III) tetrakis (4-benzoic acid)
porphyrin chloride) (Calbiochem, Darmstadt, Germany) and the
mitochondria-targeted antioxidant MitoQ were administered at
concentration of 0.1 mg/ml and 1 mM, respectively. Specific
Specificity protein (Sp) transcription factor (TF) inhibitors tolfe-
namic acid (TA) and mithramycin A (MitA) were used at 60 mM and
20 nM, respectively (Sigma-Aldrich). Cells were harvested at
different times according to the parameter under study. MitoQ
was synthesized according to the procedure described by Kelso
et al. [14].
2.3. In vivo studies
2.3.1. Experimental animal model of cholestasis
Male Wistar rats (200–250 g) were kept in controlled condi-
tions of light and temperature, and were provided with food and
water ad libitum before and after surgery. Animals were treated
according to institutional guidelines, and approval to conduct this
study was granted by the Reina Sofı´a University Hospital Research
Ethics Committee. Animals were randomized into two groups:
Sham operated control group (SO group, n = 13) and bile duct
ligation group (BDL group, n = 13). Surgical procedure and sample
collection were carried out as we described before [15]. Briefly,
13 animals in each group were killed 7 days after surgery under
sevofluorane anaesthesia. Blood was collected from the abdominal
aorta and the serum obtained was frozen at !20 8C until the
measurement of biochemical parameters. After perfusion with
cold saline solution, the liver was rapidly removed for histological
examination. Some liver specimens were frozen in liquid nitrogen
and immediately stored at !80 8C for the subsequent analysis.
Fig. 2 shows a representative scheme about the experimental
procedure. It should be noted that in the BDL group there was
death from the fifth day after surgery. On the seventh day of
cholestasis (last day) the death rate was 35%. Only animals that
survived biliary obstruction were considered in the BDL group.
2.4. Preparation of cell extracts and tissue lysates
Protein extracts from HepG2 were obtained by incubating the
cells in a lysis buffer containing 50 mM Hepes, pH 7.5, 100 mM
NaCl, 2 mM EDTA, 1% NP-40, 1 mM PMSF, 5 mg/ml aprotinin and
10 mg/ml leupeptin (Sigma-Aldrich). Rat liver lysates were
obtained by mechanical disruption of liver tissue, using the
Sample Grinding Kit (GE Healthcare, Buckinghamshire, UK) and the
same buffer described above. The integrity and concentration of
protein samples were determined by the Ponceau staining and the
Bradford method, respectively.
2.5. Evaluation of parameters of oxidative stress
General ROS production and redox status was quantified by
using the fluorescent probes dihydroethidium (DHE), 2,7-dichlor-
odihydrofluorescein diacetate (H2DCFDA) and 10-acetyl-3, 7-
dihydroxyphenoxazine (ADHP) (Life Technologies, California,
USA). DHE detects cytosolic superoxide anion radical (O2
"!) and
hydroxyl radical, and reacts with peroxynitrite-derived oxidants.
H2DCFDA detects hydrogen peroxide (H2O2) but also hydroxyl
radical, carbonate radical, nitrogen dioxide and thiyl radicals
resulting from thiol oxidation. ADHP oxidation is observed in the
presence of O2
"! and H2O2 [16]. Cells were incubated with 10 mM
DHE or H2DCFDA for 20 min and 30 min, respectively. After that,
cells were washed with PBS and oxidative stress production was
assessed in situ as the fluorescence emitted by DHE (lex = 510 nm/
lem = 590 nm) and H2DCFDA (lex = 500 nm/lem = 520 nm). Nega-
tive controls were carried out incubating cells with the corre-
sponding treatment and without probe. The ADHP-based ROS
detection kit was used following the manufacturer instruction.
Briefly, HepG2 cells were collected and sonicated in PBS using a
Bioruptor System UCD-200 (Diagenode, Liege, Belgium). After
removing cell debris by centrifugation, the supernatants were
aliquoted and stored at !80 8C until used. In the measurement,
50 ml from each sample were mixed 1:1 with the reaction mixture
containing the 100 mM ADHP and 0.2 U/ml horseradish peroxi-
dase, and the fluorescence increase over time was recorded using
excitation at 550 nm and fluorescence detection at 595 nm.
2.6. Enzymatic activity measurement of the respiratory complexes
Mitochondria were isolated from cultured cells as previously
described [17] and were used to measure the different enzymatic
activities. Activities of citrate synthase (CS) and respiratory
Fig. 2. Experimental design of the in vivo study. Before surgery, the animals were divided into two groups: sham operation group (control group, n = 13) and bile duct ligation
group (BDL group, n = 13). A total of 7 days after the surgical procedure, animals from both groups were sacrificed by exsanguination and serum and liver tissue samples were
properly collected and stored at !808 C until used.
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complexes I, II, I + II, II + III and IV were measured by spectropho-
tometry as described in Lapuente-Brun et al. [18].
2.7. Cell death analysis
The apoptosis induction was assessed by the measure of
caspase-3 activity in cell extracts and in rat liver lysates (100 mg of
protein) as previously described [8,9]. Hepatocellular necrosis was
evaluated through the cellular release of lactate dehydrogenase
(LDH) as we previously described in [8]. The LDH release was
calculated as the ratio of [((LDH culture medium)/(LDH cyto-
plasm + LDH culture medium)) # 100].
2.8. Evaluation of liver injury in bile duct ligated rats
Serum concentrations of Y-glutamyltranspeptidase (GGT),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and total and direct bilirubin were determined by commer-
cial assays as liver injury markers (Linear Chemicals SL, Barcelona,
Spain).
2.9. NOS-3 promoter activity (luciferase reporter assay)
pGL4-NOS3 and pGL4 cells (15,000/well) were plated in 384-
well black microplates. Luciferase activity was measured using the
One-Glow Luciferase Assay System (Promega). Briefly, cells were
lysed with 20 ml of 1# Lysis Buffer, and 40 ml of cell extract were
used for luciferase assay according to the manufacturer’s
recommendations.
2.10. Gene expression analysis
Gene expression at the mRNA level was determined by
quantitative real-time PCR using a One-Step QuantiTect SYBR-
Green Kit (Qiagen, Limburg, Netherlands). Total cellular RNA was
extracted, treated with RNAse-Free DNase and used as template for
mRNA amplification with specific primers. Human primers (for-
ward, F, and reverse, R) were located in the coding DNA sequence at
positions described below: NOS-3 (NM_000603.4), F: 3697–3719,
R: 3895–3873; glutathione peroxidase 4 (GPX4; NM_002085.3),
F: 403–422, R: 609–587; catalase (NM_001752.3), F: 1028–1053,
R: 1179–1159; superoxide dismutase 1 (SOD1; NM_000454.4),
F: 430–451, R: 539–519; SOD2 (NM_001024465.1), F: 708–728,
R: 867–845; ribosomal protein L13A (RPL13A; NM_012423.3),
F: 541–563, R: 666–642. Rat primers were located at positions:
Nos-3 (XM_006235872.1), F: 3274–3293, R: 3375-3355; Gpx1
(NM_030826.3), F: 312–332, R: 450–433; Gpx4 (NM_001039849.2),
F: 542–561, R: 707–688; catalase (NM_012520.2), F: 1631–1654, R:
1706–1686; Sod1 (NM_017050.1), F: 219–237, R: 319–299; Sod2
(NM_017051.2), F: 226–245, R: 416–397; hypoxanthine phosphor-
ibosyltransferase 1 (Hrpt1; NM_012583.2), F: 179–203, R: 301–277.
2.11. Protein expression analysis by Western blot
Between 80 and 100 mg of protein from cell extracts or rat liver
lysates were separated in a 10–12% SDS-PAGE, transferred to
nitrocellulose membrane and sequentially blotted against mono-
clonal or polyclonal primary antibodies. Primary antibodies were
anti-NOS-3 (sc-654, dilution 1:200), anti-Sp1 (ref. sc-420/X,
dilution 1:2000), anti-p-Sp1 (ref. ab37707, diluted 1:1000), anti-
p-JNK (ref. sc-6254, diluted 1:300), anti-p-ERK1/2 (ref. 4370,
diluted 1:2000) and b-Actin (ref. sc-47778, diluted 1: 10,000). All
antibodies were from Santa Cruz Biotechnology (California, USA),
except anti-p-Sp1 (Abcam, Cambridge, UK) and anti-p-ERK1/2
(Cell Signalling Technology, Massachusetts, USA). The densitome-
try analysis was performed by Quantity One software (v.4.4.0)
(Bio-Rad, California, USA). b-Actin was used as a loading control
in the analysis of protein expression that was performed in the
HepG2 cell line. In the rat liver lysates, the results of the Sp1
expression analysis were represented as the phosphorylated/
non-phosphorylated protein ratio. Similarly, NOS-3 protein
expression in rat liver lysates was referred to the protein load
(Ponceau staining). In this case, to avoid errors in the
quantification of the NOS-3 expression as a result of using
different gels for the analysis of numerous samples, we used one
of the control samples as an internal standard in each of the gels.
Thus, all samples in both groups control and BDL were referred to
this unique sample.
2.12. Nitric oxide production
NO production was determined by the Griess reaction as we
previously described [9]. In order to allow the accumulation of NO-
related end products nitrates and nitrites, the cell culture medium
was collected 24 h after the administration of the treatment. This
ensured the sensitivity and reproducibility of the reaction. Nitrite
concentrations were accurately determined by a nitrite calibration
curve.
2.13. Identification of transcription factors binding sites in the pNOS-3
The identification of theoretical transcription factors binding
sites (TFBS) in the pNOS-3 sequence was performed using the three
different free online software tools for TFBS prediction: Transcrip-
tion Factor Search (TFsearch v.1.3; http://www.cbrc.jp.reserach/
db/TFSEARCH.html), Transcription Element Search System (TESS;
http://www.cbil.upenn.edu/tess) and Transcription Factor Site
Scan (TF site scan; http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl).
2.14. Chromatin immunoprecipitation (ChIP)–RT-qPCR assay
ChIP-assays were performed as we previously described [19],
using isolated nuclei from the formaldehyde-cross-linked HepG2
cells. Immunoprecipitation was performed using primary antibody
anti-Sp1 and magnetic beads (Dynabeads1 Protein G, Life Technol-
ogies). RNA polymerase II (PolII) and normal rabbit IgG were used as
positive and negative control, respectively, using antibodies anti-
PolII (ref. sc-899) and anti-IgG (ref. sc-2027). 4 mg of antibody was
used for each experiment. All primary antibodies were from Santa
Cruz Biotechnology. Purified samples were analysed by RT-qPCR,
using SensiFast SYBR kit (Bioline, London, UK) and primers used to
detect target sequences were as follows (Fig. 1): -1386 Sp1 site, 50-
CTGTTGTCTCCTCCAGCATGGT-30 and 50-GGATCCAGCCCCTACTTTT-
CAG-30; -632 Sp1 site, 50-TTGTGTCCCCCACTTGAGTCA-30 and 50-
CCCCAATTTCCTGGAACCC-30; -104 Sp1 site, 50-GCGTGGAGCT-
GAGGCTTTA-30 and 50-CGCCCCTATCCCATACACA-30; NOS-3 coding
region (NM_000603.4), 50-CCGGGACTTCATCAACCAGTA-30 (positions
677–697 in exon 4) and 50-TCCGGGAAGCTGTCACCTC-30 (position
exon 4/intron 4–5); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) coding region (NM_002046.4), 50-AGCCACATCGCTCAGA-
CACC-30 (position 155–174 in exon 2) and 50-ACCCGTTGACTCC-
GACCTT-30 (position exon 2/intron 2–3). For quantification purposes,
a calibration curve was elaborated for each amplicon by 10-fold serial
dilutions of the total input sample. Results were expressed as percent
of input considering the input as 100% and the negative control as 0%.
2.15. Immunohistochemical analysis
The expression of CD68 was analysed by immunohistochemis-
try in 4% paraformaldehyde-fixed paraffin-embedded liver tissue
sections (4 mm) mounted on glass slides coated with poly-L-lysine.
The sections were dewaxed in xylene, rehydrated in ethanol and
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incubated at 100 8C in ChemMate Target Retrieval Solution, pH 6.0
(Dako, Barcelona, Spain) for 20 min. After washing in PBS, the
sections were immunostained using an autostainer (Cytomation,
Dako). Slides were incubated for 10 min in 3% H2O2 to block
endogenous peroxidase and then incubated for 1 h with anti-CD68
antibody (Santa Cruz Biotechnology; ref. sc-59103; 1:50 dilution).
After washing 5 min in PBS, the slides were incubated for 30 min
with an HRP-labelled polymer (Envision System, Dako) and
developed for 15 min using diaminobenzidine. Finally, the slides
were counterstained with hematoxylin and mounted in Eukitt
mounting medium (Sigma-Aldrich).
2.16. Statistical analysis
Results were expressed as mean $ standard error of a minimum
of 3 independent experiments. Data were compared using the non-
parametric method Kruskal-Wallis, and the Dunnett’s T3 test as post
hoc multiple comparison analysis. Data from ChIP analysis and
respiratory activity experiments, involving control and GCDCA-
treated samples, as well as those from the in vivo study were
analysed with the Mann-Whitney U test. Statistical differences were
set at p < 0.05 in all studies. All tests and calculations were done with
the statistical package StatView 5.0 (SAS Institute, Inc.) and SPSS 15.0
(IBM) for Windows.
3. Results
3.1. GCDCA induces cell death associated with oxidative stress
increase and antioxidant system dysfunction
In HepG2 cells, the administration of GCDCA induced oxidative
stress (268% for DHE, p = 0.045; 386% for H2DCFDA, p = 0.002; 219%
for ADHP, p = 0.049) (Fig. 3A) and cell death (222% for caspase-3
activity, p = 0.002; 186% for LDH release, p = 0.006) (Fig. 3B and C).
This coincided with a decrease in the activity of the oxidative
phosphorylation (OXPHOS) system (Fig. 4A) and with disturbances
in the cellular antioxidant system (Fig. 4B). Thus, GCDCA caused
the inhibition of the respiratory complex II + III activity (56%,
p < 0.001) and the expression deregulation of the antioxidant
genes SOD1 (55%, p = 0.002), SOD2 (42%, p < 0.001) and catalase
Fig. 3. GCDCA induces oxidative stress and cell death in HepG2 cells. (A) Overall ROS production was quantified by using the fluorescent probes DHE, H2DCFDA and ADHP
(n = 3). Cell death was assessed by the measure of (B) caspase-3 activity (n = 5) and (C) LDH release (n = 4). The parameters were determined at 6 h (A) or 24 h (B and C) after
GCDCA and/or MnTBAP administration. Data expressed as mean $ SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
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(55%, p < 0.001). The administration of MnTBAP reduced the
hepatocellular damage (Fig. 3B and C) by preventing ROS
production (Fig. 3A) and by modulating the antioxidant defense
machinery (Fig. 4B) in GCDCA-treated HepG2 cells. Thus, MnTBAP
recovered the gene expression level of SOD1, SOD2, GPX4 and
catalase. Likewise, in the presence of the bile salt, MitoQ restored
the activity of the respiratory complex II + III (Fig. 4C) and the basal
expression of antioxidant genes (Fig. 4B).
3.2. Oxidative stress induced by GCDCA negatively regulates the
transcriptional activity of pNOS-3 and NOS-3 expression and activity
As Fig. 5 shows, GCDCA administration decreased: (A) transcrip-
tional activity of pNOS-3 (46%, p = 0.021), (B) NOS-3 mRNA levels
(41%, p = 0.015), (C) NOS-3 protein expression (64%, p = 0.046) and
(D) the end products of NO oxidation, nitrites and nitrates (64%,
p = 0.021). MnTBAP treatment reversed the described effects
associated with the administration of the bile acid, and totally/
partially recovered the pNOS-3 activity, NOS-3 mRNA and protein
levels and nitrite/nitrate production. Similarly, the administration of
the mitochondria-targeted antioxidant MitoQ recovered the pNOS-3
activity (Fig. 5A).
3.3. GCDCA-induced oxidative stress stimulates the expression and
activation of Sp1
Bioinformatic analysis of the pNOS-3 sequence identified three
candidate binding sites for Sp1, which could be involved in the
modulation of NOS-3 expression. These Sp1 binding sites were
identified unanimously by the three prediction programs used at
positions described in Table 1. To elucidate whether Sp1 was
involved in the NOS-3 regulation during cytotoxicity by GCDCA, we
determined its expression and activation rates in HepG2 cells.
GCDCA increased the protein expression level (166%, p = 0.008)
Fig. 4. Deregulation of respiratory activity and the antioxidant gene expression in GCDCA-treated cells. (A) Activity of respiratory complexes I, I + III, II, II + III and IV (n = 6).
Citrate synthase (CS) activity was used as a normalizing. (B) Quantification of gene expression by RT-qPCR (n = 6). (C) Activity of respiratory complex II + III (n = 6). Cells not
exposed/exposed to GCDCA were treated with MnTBAP or MitoQ. The parameters were determined at 6 h after GCDCA and/or MnTBAP or MitoQ administration. Data
expressed as mean $ SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
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and phosphorylation state (200%, p = 0.003) of Sp1. Because the
expression and activation of Sp1 can be regulated by the mitogen-
activated protein kinase (MAPK) pathway, we next analysed the
activation state of kinases JNK (cJun-terminal kinase) and ERK1/2
(extracellular-signal-regulated kinase). GCDCA administration
increased the protein levels of phospho-JNK (235%, p < 0.001)
and phospho-ERK1/2 (389% p = 0.015/271% p = 0.034) in HepG2
cells. Cellular protection against oxidative injury by treatment
with any of the described antioxidants, MnTBAP or MitoQ, reduced
the expression and phosphorylation rates of Sp1 and the activation
of MAPKs JNK and ERK1/2 during GCDCA-induced cytotoxicity
(Fig. 6A and B).
Fig. 5. Effect of GCDCA-induced oxidative stress on NOS-3 expression and activity. (A) NOS-3 promoter activity (n = 4). (B) NOS-3 gene expression (n = 4). (C) NOS-3 protein
expression (n = 3). (D) NO-related end products (n = 3). The parameters were determined at 6 h (A), 12 h (B) and 24 h (C and D) after GCDCA and/or MnTBAP administration.
Data expressed as mean $ SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
Table 1
Proposed Sp1 binding sites in the NOS-3 promoter region (1.6 kb, GenBank accession no. AF387340.1).
TF TFSEARCH TESS TFSITESCAN
Position Sequence Position Sequence Position Sequence
Sp1 !1386 GGGGTGGGGT !1384 GGTGGG !1385 CCCACC
!632 GGGGCTGGGA !632 KRGGCKRRK !632 KRGGCKRRK
!104 GGGGCGGGGC !104 GGGGCGGGGC !104 GGGGCGGGGC
K is G/T, R is A/G.
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3.4. Sp1 participates in NOS-3 downregulation during GCDCA-
induced cytotoxicity
Then, we evaluated the involvement of Sp1 in the NOS-3
regulation during GCDCA-induced cell death by testing specific
inhibitors TA and MitA. Fig. 6C and D shows the effect of TF
inhibitors on the phosphorylation state of Sp1. Both of inhibitors
were able to inhibit the GCDCA-induced activation of Sp1.
When we later investigated the effect of Sp1 inhibition in
GCDCA-treated pGL4-NOS3 cells, we found that both TA and MitA
were able to restore the pNOS-3 transcriptional activity (Fig. 7A)
and the NOS-3 protein expression (Fig. 7B). This fact was related to
a higher extracellular concentration of NO-oxidation end products
(Fig. 7C) and to a marked reduction on caspase-3 activity (Fig. 7D).
No additional effect on pNOS-3 activity was observed when Sp1
inhibitors were combined (data not shown).
3.5. GCDCA increases Sp1 binding to pNOS-3
In order to test the effect of GCDCA administration on the Sp1
binding capacity to the pNOS-3 sequence, we performed ChIP
assay. We selected the three candidates Sp1 binding sites
Fig. 6. Expression of Sp1 and MAPKs in GCDCA-treated cells. (A) Effect of the administration of MnTBAP or MitoQ (12 h). Representative western blots for (p-)Sp1 (n = 4 and 5,
respectively), p-JNK (n = 3) and p-ERK1/2 (n = 3) in HepG2 cell lysates. (B) Densitometry analysis of blots included in panel A. (C) Effect of the administration of Sp1 inhibitors,
Tolfenamic acid (TA) and Mithramycin A (MitA) (6 h). Representative western blot for p-Sp1 (n = 3) in cell lysates. (D) Densitometry analysis of blots included in panel C. In the
densitometry analysis, the ‘‘+’’ sign indicates GCDCA-G- administration plus the showed treatment. Data as mean $ SE. Statistically significant difference versus control group*
or versus GCDCA group# are marked.
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identified at positions !1386, !632 and !104 of the pNOS-3
(Table 1 and Fig. 1), and we used GAPDH and NOS-3 as positive
controls of immunoprecipitation and gene expression, respectively
(Fig. 8A). Immunoprecipitation of samples from HepG2 cells with
anti-Sp1 antibody showed binding of Sp1 at positions !1386
(p = 0.049), !632 (p = 0.034) and !104 (p = 0.034) of the pNOS-3
after GCDCA administration (Fig. 8B). No binding of Sp1 to the
pNOS-3 was detected at basal condition.
3.6. The in vivo model of cholestasis reproduces the GCDCA model in
HepG2 cells
Biliary obstruction increased total and direct bilirubin, and
hepatic injury markers GGT, AST and ALT in serum from rats as a
consequence of cholestasis (Bile Duct Ligated group, BDL;
p < 0.001) (Table 2). In the same way, the in vivo model of
cholestasis was associated with: (A) macrophage invasion; (B)
Fig. 7. Role of Sp1 in NOS-3 regulation during cytotoxicity by GCDCA. Cells not exposed/exposed to GCDCA were treated with Tolfenamic acid (TA) or Mithramycin A (MitA).
(A) NOS-3 promoter activity (n = 6). (B) NOS-3 protein expression (n = 3). (C) NO-related end products (n = 3). (D) Caspase-3 activity (n = 4). Parameters were determined at
6 h (A, B, D) and 24 h (C) after treatment. Data expressed as mean $ SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
Fig. 8. Sp1 binding to the NOS-3 promoter. (A) Gene expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and NOS-3 as positive controls. (B) Enrichment of Sp1
binding to the NOS-3 promoter at positions !1386, !632 and !104. Data expressed as mean $ SE of three independents experiments. Statistically significant difference versus
control group is marked*.
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the expression decrease of antioxidant genes Sod1 (34%), Sod2
(57%), catalase (25%), Gpx1 (23%) and Gpx4 (38%) (p < 0.001);
(C) the increase of the ratio between the phosphorylated and
non-phosphorylated forms of Sp1 (182%, p = 0.024); (D) the
inhibition of Nos-3 mRNA expression (83%, p = 0.001) and (E)
NOS-3 protein expression (83%, p = 0.034); and (F) the increase of
caspase-3 activity (166%, p = 0.033) in liver tissue (Fig. 9).
Since the bile duct ligation induced the expression of the
commonly used loading control proteins b-actin and GAPDH in the
rat liver lysates (data not shown), we assessed the phosphorylated/
non-phosphorylated protein ratio in the expression analysis of Sp1
in these samples (Fig. 9C). Similarly, the NOS-3 protein expression
in the liver tissue was referred to the protein load (Fig. 9E).
4. Discussion
Although bile salts are not oxidants per se, these have been
related to oxidative damage and NOS-3 expression deregulation
[6], which are considered two main events in the pathogenesis of
CLD. Actually, both, oxidative stress and NOS-3 expression
regulation, are processes that are closely related and can be
regulated to each other. Thus, using antioxidants or molecular
treatments related to NO release or the recovery of NOS-3
expression has proven therapeutic efficacy against hepatotoxicity
by bile acids. In the present study, we have investigated the
relationship between these two biological processes and we have
identified Sp1 as a candidate TF involved in the NOS-3 expression
regulation during CLD.
In our cell model of cholestasis, GCDCA triggered hepatocellular
damage and caused a reduction in NOS-3 expression by altering
cellular redox homeostasis. The administration of the bile salt was
related to the decrease of the combined activity of respiratory
complexes II + III (but not of complexes I + III), which indicates a
failure in the electron flow between respiratory complexes II and
III. In this regard, the electron leak at the ubiquinone-complex III
site is considered the main source of ROS generation during bile
acid-induced toxicity [20] since it enhances the formation of O2
"!,
which is a precursor of most other ROS [21]. The effect of GCDCA on
the activity of mitochondrial complexes II + III was consistent with
that associated with CDCA in isolated mitochondria from rat liver.
However, in that approach, OXPHOS system was more sensitive to
the non-conjugated form of the bile acid at lower concentra-
tions.[22] As expected, oxidative stress prevention by administra-
tion of the cell permeable SOD mimetic MnTBAP was associated
with the gene expression recovery of the cellular antioxidant
system and the increase of the NOS-3 expression and activity. This
resulted in an increase in cell survival as measured by the decrease
on caspase-3 activity and LDH release. Concerning the use of
MnTBAP as a specific superoxide scavenger, it should be noted that
non-porphyrin Mn species that appears as impurities in commer-
cial MnTBAP preparations exhibit SOD-like activity and are very
effective in dismuting O2
"! [23,24]. Furthermore, the administra-
tion of ubiquinone through the mitochondria-targeted antioxidant
MitoQ also recovered the activity of the pNOS-3. According to the
literature, MitoQ caused the activity recovery of the respiratory
complex II + III [14] in the presence of GCDCA. This was related to
oxidative stress reduction, NOS-3 protein increase and cellular
protection against GCDCA [9]. NOS-2 gene expression was not
detected before or after GCDCA treatment (data not shown).
Functional characteristics of the human pNOS-3 are extremely
complex, and particularly interrelation among cis-elements
remains to be elucidated. Different conditions involved in the
generation of oxidative stress may up-regulate [25] or down-
regulate [26] the pNOS-3. However, there is no evidence about the
elements involved in the regulation of NOS-3 expression during
GCDCA-induced cytotoxicity. Bioinformatic analysis of the pNOS-3
sequence identified different TFBS for Sp1. This was particularly
interesting because Sp1 is a redox-sensitive TF involved in a variety
of cellular processes including the NOS-3 expression regulation
[27–29] and the bile acid-induced cell apoptosis [30]. The cellular
response to GCDCA was characterised by the increase of expression
and activation of Sp1 (which was associated with the activation of
MAPKs JNK and ERK1/2) and by a greater binding capacity of this to
the TFBS identified in the pNOS-3 at positions !1386, !632 and
!104. This resulted in a decrease of pNOS-3 activity and NOS-3
protein expression. The administration of MnTBAP significantly
reduced the GCDCA-dependent activation of Sp1, and caused the
recovery of the pNOS-3 transcriptional activity and NOS-3
expression, the accumulation of NO end-products nitrates and
nitrites, and the reduction of cell death related parameters.
Similarly, MitoQ reduced the expression and/or activation of Sp1
and induced the pNOS-3 activity, which was related to the NOS-3
expression/activity increase and the cell survival [9]. This is
consistent with a model of gene expression regulation by oxidative
stress instead of direct interaction with TFs [31], and agrees with
the MAPKs regulation mechanism through oxidative stress
induced by bile acids [32].
Sp1 binding to the pNOS-3 has been related to NOS-3 up-
regulation induced by cytotoxicity [33] or by free radical
scavenging [34]. Kumar et al. demonstrated that Sp1 binding to
the pNOS-3 regulates the promoter activity in response to
oxidative stress [26]. However, in that report, the addition of
H2O2 decreased the promoter activity by reducing the binding
capability of Sp1. Here, we also observed a promoter activity
decrease as a consequence of a higher intracellular production of
ROS, but it was associated with an increase of Sp1 binding to the
pNOS-3. The specific inhibition of Sp1 with TA (which induces the
degradation of Sp1, Sp3 and Sp4) [35] or MitA (which selectively
displace Sp1 from its binding site) [36,37] resulted in cellular
protection against GCDCA-induced cell death through the same
mechanism described above for the antioxidants. Thus, Sp1
inhibition caused the recovery of the pNOS-3 activity and the
NOS-3 expression in GCDCA-treated HepG2 cells. These results
suggest that Sp1 is not essential for NOS-3 expression. Actually,
Sp1 could function as a transcriptional repressor of NOS-3 gene
expression through direct binding to the promoter sequence at
positions described above. In this regard, it should be noted that
histone deacetylase 1 (HDAC1) plays a critical role in the NOS-3
repression [38] through its direct binding to Sp1 [39]. Interestingly,
the pNOS-3 activity can be also regulated by methylation [40],
which is a process that is associated with histone deacetylation
[41].
In the model of experimental cholestasis in vivo, the reduction
of the cellular antioxidant status (which reflects a liver response to
Table 2
Serum markers of liver function and cholestasis.
GGT (IU/l) AST (IU/l) ALT (IU/l) TB (mg/dl) DB (mg/dl)
SO group 4 $ 0 62.92 $ 2.74 44 $ 6.65 0.13 $ 0.013 0.1 $ 0
BDL group 52.38 $ 6.90* 332.54 $ 45.71* 130.22 $ 17.85* 9.13 $ 0.86* 7.03 $ 0.66*
SO, Sham operated group (n = 13); BDL, bile duct ligation group (n = 13). Data expressed as mean $ SE (p % 0.05). Statistically significant difference versus SO group is marked*.
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oxidative stress) was related to the activation of Sp1, the inhibition
of NOS-3 expression and the hepatocellular damage. Bile duct
ligation induced the expression of proteins b-actin and GAPDH.
This result is not surprising since the hepatic cholestasis was
associated with tissue fibrosis [15], and liver fibrosis has been
previously linked to changes in the expression of commonly used
loading control proteins [42,43]. We have previously shown that
NOS-2 overexpression in the BDL group is associated with the
hepatocellular injury [15]. According to the results of the present
study, the adverse effects exerted by NO during cholestatic injury
might be due to both the increase in NOS-2 and the reduction in
NOS-3 expression. This agrees with the reported during the
Fig. 9. Animal model of cholestasis. (A) CD68 expression was analysed by immunohistochemistry in order to confirm the presence or absence of macrophage invasion
previously evaluated by HE staining. The macrophage invasion foci are marked with arrows. The number of positive cases in SO group (n = 13) and BDL group (n = 13) were
1 and 10, respectively. (B) Expression levels of antioxidant genes Sod1, Sod2, catalase, Gpx1 and Gpx4. (C) Representative images for Ponceau staining and western blots for
(p-)Sp1. The densitometry analysis of blots is showed as the ratio p-Sp1/Sp1. (D) NOS-3 mRNA expression. (E) Representative western blot for NOS-3 expression (SO group,
n = 10; BDL group, n = 10). (F) Caspase-3 activity. Data expressed as mean $ SE. Representative Western blot images include three independent samples from each group.
Statistically significant difference versus SO group is marked*.
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progression of liver fibrosis [44]. Here, we found evidences for
macrophage invasion in liver tissue sections from BDL animals.
This observation was interesting because activated macrophages
are an important source of ROS [45] and NOS-2-derived NO [46],
and have been associated with many inflammatory models of liver
injury. Thus, it is generally accepted that innate immune cells
including Kupffer cells and infiltrating macrophages are activated
after liver damage and can deteriorate the initial liver injury
[47]. Because of this, we cannot rule out a significant role for
macrophage invasion in the NOS-3 expression regulation by
oxidative stress during cholestasis, or in the change of NOS-2/NOS-
3 expression ratio during the progression of chronic liver injury.
In summary, GCDCA-induced oxidative stress was related to:
(1) the expression and activation increase of Sp1, (2) the increased
binding of Sp1 to the pNOS-3 at described positions, (3) the
decrease of the NOS-3 promoter activity and the NOS-3 protein
expression and associated activity, and (4) the cell death. In the
cellular model of cholestasis, the inhibition of Sp1 was related to
cell survival. Further investigation is required to determine the
therapeutic value of Sp1 inhibitors for the treatment of cholestatic
liver diseases. In this regard, it is important to note that TA is a non-
steroidal anti-inflammatory drug (NSAID) whose side effects
include dose-related gastrointestinal toxicity [48] and drug-
induced liver injury [49]. On the other hand, the antibiotic MitA
causes undesirable toxic side effects at doses commonly used to
treat different diseases [50,51]. Therefore, care should be taken
when assessing the therapeutic power of these drugs. The
regulation of Sp1 by oxidative stress and the involvement of
NOS-3 in this process represent a new mechanism by which the
accumulation of bile acids causes a cytotoxic effect, and provides a
new potential therapeutic target for CLD.
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Abstract
The harmful effects of bile acid accumulation occurring during cholestatic liver diseases
have been associated with oxidative stress increase and endothelial nitric oxide synthase
(NOS-3) expression decrease in liver cells. We have previously reported that glycocheno-
deoxycholic acid (GCDCA) down-regulates gene expression by increasing SP1 binding to
the NOS-3 promoter in an oxidative stress dependent manner. In the present study, we
aimed to investigate the role of transcription factor (TF) AP-1 on the NOS-3 deregulation
during GCDCA-induced cholestasis. The cytotoxic response to GCDCA was characterized
by 1) the increased expression and activation of TFs cJun and c-Fos; 2) a higher binding
capability of these at position -666 of the NOS-3 promoter; 3) a decrease of the transcrip-
tional activity of the promoter and the expression and activity of NOS-3; and 4) the expres-
sion increase of cyclin D1. Specific inhibition of AP-1 by the retinoid SR 11302 counteracted
the cytotoxic effects induced by GCDCA while promoting NOS-3 expression recovery and
cyclin D1 reduction. NOS activity inhibition by L-NAME inhibited the protective effect of SR
11302. Inducible NOS isoform was no detected in this experimental model of cholestasis.
Our data provide direct evidence for the involvement of AP-1 in the NOS-3 expression regu-
lation during cholestasis and define a critical role for NOS-3 in regulating the expression of
cyclin D1 during the cell damage induced by bile acids. AP-1 appears as a potential thera-
peutic target in cholestatic liver diseases given its role as a transcriptional repressor of
NOS-3.
Introduction
Bile acids (BAs) are physiological detergents synthesized from cholesterol in the liver, which
are required for absorption and transport of dietary fats and lipid-soluble vitamins, and dis-
posal of toxic metabolites, drugs and xenobiotics. Cholestatic liver diseases (CLD) include a
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group of disorders with different epidemiology, pathophysiology, clinical course and prognosis,
sharing a defective BA formation and/or transportation from the liver to the intestine. Chole-
stasis may produce accumulation of toxic BAs in liver leading to hepatocellular apoptosis,
which represents a key cellular mechanism for BA-mediated liver injury and progression of
CLD towards fibrosis, cirrhosis and chronic liver failure [1] [2] [3]. Thus, the consequences of
untreated cholestasis are severe and increase patient morbidity and mortality, and motivate
liver transplantation in a significant proportion of patients.
Glycochenodeoxycholic acid (GCDCA) is the major human hydrophobic BA [4] that has
been held responsible for cholestasis-associated liver injury [5] [6]. By contrast, another physi-
ological constituent of human bile, ursodeoxycholic acid (UDCA), has been demonstrated to
exert anticholestatic effects in several cholestatic disorders and is the treatment of choice in pri-
mary biliary cirrhosis, which represents the leading cause of small-duct biliary diseases. The
beneficial effect of UDCA has been associated with the inhibition of BA-induced hepatocyte
and cholangiocyte apoptosis, and with improved patient survival. However, some consider-
ations should be taken into account about using UDCA in the treatment of CLD. Thus, UDCA
is frequently combined or replaced by other therapeutics agents such as corticosteroids, immu-
nosuppressant and other drugs [6] [7].
Nitric oxide (NO) may behave either as a primary mediator of liver damage or as a potent
protective agent against injury, depending on its concentration and generating source among
other factors [8]. NCX-1000 is a NO-releasing derivative of UDCA that selectively delivers NO
to the liver and protects against development of portal hypertension, a common complication
of CLD and a leading cause of death in patients with cirrhosis [9]. The endothelial nitric oxide
synthase (NOS-3) is the main source of endogenous NO in the liver [10], and its expression
may prevent liver damage [11]. Recently, we have shown that transcription factor (TF) SP1
negatively regulates NOS-3 expression during GCDCA-induced cholestasis through direct
binding to the NOS-3 promoter (pNOS-3) in an oxidative stress dependent manner. In this
regard, specific inhibition of SP1 resulted in the NOS-3 expression increase and the reduction
of cell death-related parameters, and was proposed as a new potential target in CLD [12]. Here,
we studied the involvement of new proposed TF binding sites (TFBS) for AP-1, GATA-1 and
GATA-4 in the regulation of NOS-3 expression during experimental cholestasis in the human
hepatocarcinoma cell line HepG2.
Materials and Methods
Cell lines and culture conditions
HepG2 cell line (European Collection of Cell Cultures) was grown in EMEM (Invitrogen-
Thermo Fisher Scientific, Massachusetts, USA) supplemented with 1 mM sodium pyruvate
and 10% fetal bovine serum (Gibco-Thermo Fisher Scientific, Massachusetts, USA). The
pGL4-NOS3 cell line was obtained by stable transfection of HepG2 cells with the plasmid
pGL4.20 [luc2/Puro] (Promega, Wisconsin, USA) containing the luciferase reporter gene
under the control of the human pNOS-3 (1,601 nucleotides, GenBank accession no.
AF387340.1; Fig 1). The control cell line pGL4 was obtained by stable transfection of HepG2
cells with the pGL4.20 [luc2/Puro] vector without promoter sequence insertion [12].
Experimental procedure
Cells were plated at 150,000 cells/cm2 and 0.5 mM GCDCA (Sigma-Aldrich) was administered
after 48 h of cell culture. The SOD mimetic MnTBAP (manganese (III) tetrakis (4-benzoic
acid) porphyrin chloride) (Calbiochem, Darmstadt, Germany) and the mitochondria-targeted
antioxidant MitoQ were administered at concentration of 0.1 mg/ml and 1 μM, respectively.
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Curcumin (diferuloylmethane), Quercetin (Sigma-Aldrich, Missouri, USA), the NOS inhibitor
Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME; Sigma-Aldrich) and the specific
Fig 1. Expression of transcription factors cJun and cFos in GCDCA-treated HepG2. Effect of the administration of
MnTBAP or MitoQ. (A) Representative western blots for cJun (n = 3), phospho-cJun (Ser63) (n = 4), cFos (n = 5) and
phospho-cFos (Ser374) (n = 4). Β-Actin was used as loading control. (B) Densitometry analysis of blots included in panel A.
In the densitometry analysis, the + sign indicates GCDCA administration plus the showed treatment. Data as mean ± SE
versus control group. Statistically significant difference versus control group* or versus GCDCA group# are marked.
doi:10.1371/journal.pone.0160525.g001
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AP-1 inhibitor SR 11302 (Santa Cruz Biotechnology, California, USA) were used at 4 μM,
20 μM, 5 mM and 50 μM, respectively. Cells were harvested at different times according to the
parameter under study. MitoQ was synthesized according to the procedure described by Kelso
et al. [13].
Growth measurements
Growth capacity and cell viability were determined by plating 4x105 cells on 6 wells plates in 2
ml of the appropriate medium. Cells were incubated at 37°C for 5 days and cell counts were
performed at daily intervals by the trypan-blue exclusion test. In order to quantify the number
of dead cells accumulated during cell culture, the culture medium was removed and cells were
washed with 10 mM PBS. Then, these two volumes were pooled and centrifuged at 2,500 rpm
for 5 min, and the resulting pellet joined the pellet obtained after cell trypsinization.
Alternatively, cell proliferation was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 14,300 cells were platted on 96 wells
plates in 200 μl of culture medium. For the measure, wells were washed with no supplemented
cell culture medium and, after the addition of 50 μl MTT (1mg/ml), cells were incubated at
37°C for 2 h. Finally, MTT was carefully removed and insoluble formazan was resuspended in
100 μl DMSO and spectrophotometrically measured at 570 nm with wavelength correction at
650 nm.
Preparation of cell extracts
Protein extracts from HepG2 were obtained by incubating the cells in a lysis buffer containing
50 mMHepes, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% NP-40, 1 mM PMSF, 5 μg/ml aproti-
nin and 10 μg/ml leupeptin (Sigma-Aldrich). The integrity and concentration of protein sam-
ples were determined by the Ponceau staining and the Bradford method, respectively.
Apoptotic cell death analysis
The apoptosis induction was assessed by the measure of caspase-3 activity in cell extracts as
previously described [14]. Briefly, 50 μg or 100 μg of protein were diluted with caspase buffer
(50mMHepes pH 7.5, 100mMNaCl, 10% sucrose, 0.1% CHAPS, 1mM EDTA and 5mM
DTT) and the reaction was started with the addition of 100 μMAc-DEVD-AFC (N-acetyl-
Asp-Glu-Val-Asp-7-amino-4-trifluoromethy coumarin) (Bachem AG, Budendorf, Switzer-
land) in 100 μl of total volume. The fluorescence increase due to enzymatic release of AFC (λEx
400nm, λEm 505nm) was registered every 15 min for 2 h in a GENios Microplate Reader
(TECAN). Data were reported as A.U x h-1 x mg-1 of protein.
Luciferase reporter assay
The NOS-3 promoter activity was measured in pGL4-NOS3 and pGL4 cells by using the One-
Glow Luciferase Assay System (Promega). Briefly, cells were plated in 384-well black micro-
plates (15,000/well) and, after treatment administration, were lysed with 20 μl of 1X Lysis
Buffer. 40 μl of cell extract were used for luciferase assay according to the manufacturer´s
recommendations.
Protein expression analysis by Western-Blot
Between 20–100 μg of protein from cell extracts were separated in a 10–12% SDS-PAGE, trans-
ferred to nitrocellulose membrane and sequentially blotted against monoclonal or polyclonal
primary antibodies. Primary antibodies were anti-NOS3 (sc-654, dilution 1:200), anti-cJun
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(ref. sc-1694/X, dilution 1:2,000), anti-phospho-cJun (ref. sc-822, diluted 1:300), anti-cFos (ref.
sc-52G, diluted 1:200), anti-phospho-cFos (ref. sc-81485, diluted 1:100), anti-phosho-SP1 (ref.
ab37707, diluted 1:1,000), anti-cyclin D1 (ref. 2926, diluted 1:2,000) and β-Actin (ref. sc-47778,
diluted 1: 10,000). All antibodies were from Santa Cruz Biotechnology (California, USA),
except anti-phospho-SP1 (Abcam, Cambridge, UK) and anti-cyclin D1 (Cell Signalling Tech-
nology, Massachusetts, USA). The densitometry analysis was performed by Quantity One soft-
ware (v.4.4.0) (Bio-Rad, California, USA), using β-Actin signal as a loading control.
Nitric oxide production
NO production was determined by the Griess reaction as we previously described [14]. In
order to allow the accumulation of NO-related end products nitrates and nitrites, the cell cul-
ture medium was collected 24 h after the administration of the treatment. This ensured the sen-
sitivity and reproducibility of the reaction. Nitrite concentrations were accurately determined
by a nitrite calibration curve.
Identification of Transcription Factors Binding Sites in the pNOS-3
The identification of theoretical TFBS in the pNOS-3 sequence was performed using the three
different free online software tools for TFBS prediction: Transcription Factor Search (TFsearch
v.1.3; http://www.cbrc.jp.reserach/db/TFSEARCH.html), Transcription Element Search Sys-
tem (TESS; http://www.cbil.upenn.edu/tess) and Transcription Factor Site Scan (TF site scan;
http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl).
Chromatin Immunoprecipitation (ChIP)–RT-qPCR assay
ChIP-assays were performed as described in [15], using isolated nuclei from the formaldehyde-
cross-linked HepG2 cells. Immunoprecipitation was performed using primary antibodies
anti-cJun or anti-cFos, and magnetic beads (Dynabeads1 Protein G, Life Technologies).
RNA polymerase II (PolII) and normal rabbit IgG were used as positive and negative control,
respectively, using antibodies anti-PolII (ref. sc-899) and anti-IgG (ref. sc-2027). 4 μg of
antibody was used for each experiment. All primary antibodies were from Santa Cruz Bio-
technology. Purified samples were analysed by RT-qPCR, using SensiFast SYBR kit (Bioline,
London, UK), and primers used to detect target sequences were as follows: -666 AP-1 site,
5’- CTTTTGTGTCCCCCACTTGAG -3’ and 5’- CAATTTCCTGGAACCCCCAC -3’; -235
GATA-1/-4 site, 5’- AGGGCTCTGCTGGACACCT -3’ and 5’- GCTGTGAGGACTGAGG
CTGAT -3’. Primers to detect the NOS-3 (NM_000603.4) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; NM_002046.4) coding regions are summarized in [12]. For quantifi-
cation purposes, a calibration curve was elaborated for each amplicon by 10-fold serial dilu-
tions of the total input sample. Results were expressed as percent of input considering the
input as 100% and the negative control as 0%.
Statistical Analysis
Results were expressed as mean ± standard error of a minimum of 3 independent experiments.
Data were compared by using the Kruskal-Wallis non-parametric method, and the Dunnett's
T3 test for post-hoc multiple comparison analysis. Data from ChIP analysis, involving control
and GCDCA-treated samples, were analysed by using the Mann-Whitney U test. Statistical
comparisons were two-tailed, and significance was defined as p<0.05. All tests and calculations
were done with the statistical package StatView 5.0 (SAS Institute, Inc.) and SPSS 15.0 (IBM)
for Windows.
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Results
GCDCA-induced oxidative stress stimulates the expression and
activation of cJun and cFos
Bioinformatic analysis of the pNOS-3 sequence identified candidate TFBS involved in the
modulation of the NOS-3 expression. Only those sites identified by all the three software tools
were selected for further analysis. We ignored the binding sites proposed for SP1, which were
previously analysed in depth in the study by González-Rubio et al. [12]. Therefore, we consid-
ered TFBS for AP-1 and GATA-1 at positions described in Table 1.
To elucidate whether AP-1 (proteins cFos and cJun as constituent elements) was involved
in the NOS-3 regulation during cytotoxicity mediated by GCDCA, we determined AP-1
expression and activation rates in HepG2 cells. GCDCA increased the expression of proteins
cJun (233%, p = 0.024) and cFos (185%, p = 0.006), as well as their phosphorylation states
(233% p = 0.035, 202% p = 0.009, and 200% p = 0.003, respectively). Cellular protection against
oxidative injury was promoted by treatment with the antioxidants MnTBAP or mitoQ [12],
which in turn reduced the expression and phosphorylation rates of TFs cJun and cFos during
GCDCA-induced cytotoxicity (Fig 1).
GCDCA increases cJun/cFos binding to pNOS-3
In order to test the effect of GCDCA administration on the AP-1 binding capacity to the
pNOS-3 sequence, we performed ChIP assays. We selected a TFBS for AP-1 located at position
-666 (Table 1). GAPDH and NOS-3 were used as positive controls of immunoprecipitation
and gene expression, respectively (Fig 2A). Immunoprecipitation of samples from HepG2 cells
with antibodies anti-cJun or anti-cFos showed binding of cJun (p = 0.021) and cFos (p = 0.034)
at this position of the pNOS-3 after GCDCA administration (Fig 2B). Additionally, we tested
the binding of TFs GATA-1 and GATA-4 at position -235 of the pNOS-3 (Table 1). However,
GATA-4 did not bind to position -235 of pNOS-3 neither at basal conditions, nor after
GCDCA administration. In addition, no significant differences were observed after GCDCA
administration when we studied the binding of GATA-1 to the pNOS-3 (Fig 2C).
AP-1 participates in NOS-3 downregulation during GCDCA-induced
cytotoxicity
Then, we evaluated the involvement of AP-1 in the NOS-3 regulation during GCDCA-induced
cell death by testing the TF inhibitors (TFIs) curcumin and quercetin. However, since these
two compounds affected the phosphorylation state of the TF SP1 (Fig 3A), we also used the
synthetic retinoid SR 11302 that is considered a specific inhibitor of AP-1. As Fig 3A shows, no
significant effect on SP1 phosphorylation was detected when SR 11302 was used.
When we later investigated the effect of AP-1 inhibition in GCDCA-treated pGL4-NOS3
cells, we found that all assayed TFIs, curcumin, quercetin and the specific AP-1 inhibitor SR
Table 1. Proposed transcription factor binding sites in the pNOS-3 region (1.6 Kb) for AP-1 and GATA-1. TFSEARCH, TESS and TF SITE SCAN are
free online software tools for the prediction of transcription factor binding sites. ‘Position’makes reference to the pNOS-3 sequence (NCBI accession number
GI: 14669582). W is A/T, M is A/C, S is C/G, K is G/T, R is A/G.
TFSEARCH TESS TFSITESCAN
TF Position Sequence Position Sequence Position Sequence
AP-1 -666 TTGAGTCAT -665 TGAGTCA -665 TGAGTCA
GATA-1 -235 CCACTTATCAGCCT -232 CTTATCA -232 WGATAMS
doi:10.1371/journal.pone.0160525.t001
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11302, were able to restore the pNOS-3 transcriptional activity (Fig 3B). These findings were
consistent with the NOS-3 protein expression increase (Fig 3C). Thus, the highest concentra-
tion of SR 11302 caused an increase of 148% in the NOS-3 expression during GCDCA admin-
istration when compared to control group (Fig 3D).
Specific inhibition of AP-1 protects against the bile acid-induced
apoptotic cell death
As shown in Fig 4, the NOS-3 expression recovery in GCDCA-treated HepG2 cells by the spe-
cific inhibition of AP-1 was related to a higher extracellular accumulation of NO-oxidation end
products (Fig 4A), and associated with a dose-dependent reduction on caspase-3 activity (Fig
4B), which is involved in the activation cascade of caspases responsible for apoptosis. These
results are consistent with those shown for the non-specific AP-1 inhibition with curcumin or
quercetin (Fig 4A and 4B). However, when we later analyse the cell doubling time after 96
hours of culture, it was 41.7±3.3 hours at basal condition, 72.6±7.3 hours with SR 11302
(p<0.05), 65.0±9.1 hours with GCDCA (p<0.05) and 160.7±17.0 hours after GCDCA plus SR
11302 administration (p<0.05) (Fig 4C). Thus, although the specific inhibition of AP-1
Fig 2. Transcription factors cJun and cFos bind to the NOS-3 promoter after GCDCA administration. (A) Gene expression
of GAPDH and NOS-3 as positive controls. (B) Enrichment of cJun and cFos binding to the NOS-3 promoter (position -666) after
GCDCA administration. (C) Evaluation of the binding of GATA-1 and GATA-4 to the NOS-3 promoter (position -235) after
GCDCA administration. Data expressed as mean ± SE of three independents experiments. Statistically significant difference
versus control group (no GCDCA) is marked*.
doi:10.1371/journal.pone.0160525.g002
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resulted in a drop of the duplication rate of the human hepatocarcinoma cell line HepG2, this
was not associated with an increased caspase-3 activity (Fig 4B) or with cell death. Moreover,
the higher concentration of SR 11302 significantly reduced the number of accumulated dead
cells during cytotoxicity induced by GCDCA (Fig 4D).
In order to determine the involvement of NOS-3 expression recovery in the anti-apoptotic
effect of SR 11302, we used the NOS inhibitor L-NAME. When it was combined with the reti-
noid, L-NAME inhibited the protective effect of SR 11302 during GCDCA cytotoxicity (Fig 5).
Thus, while the NOS inhibitor per se had no effect on cell proliferation (Fig 5A) and cell death
(Fig 5B), it significantly inhibited the caspase-3 activity decrease induced by SR 11302 during
cholestasis (Fig 5B). L-NAME did also cause a cell doubling time increase in these conditions
(Fig 5A). Similar results were obtained when we assessed the cell metabolic activity by the
MTT assay (Fig 5A).
The antiproliferative capability of SR 11302 was related to the expression inhibition of cyclin
D1, which is involved in the cell cycle progression (Fig 5C). Surprisingly, the toxic bile acid
GCDCA induced the expression of cyclin D1 and not its inhibition as Fig 5A suggested. Under
such circumstances, L-NAME inhibited the cyclin D1 expression decrease induced by the reti-
noid, just as previously noted for caspase-3 activity.
Discussion
It has been previously reported that NOS-3 expression in the liver has a protective role. Differ-
ent conditions involved in the generation of oxidative stress may regulate the pNOS-3 activity.
Cholestasis is a disorder that is associated with oxidative damage and with the NOS-3 expres-
sion deregulation. In the model used in this study, GCDCA administration has been associated
with a failure in the electron flow between respiratory complexes II and III, which is considered
the main source of ROS generation during bile acid-induced toxicity. Recently, we have shown
evidence about the involvement of SP1 in the oxidative stress-dependent regulation of pNOS-3
activity during GCDCA-induced cytotoxicity. Thus, SP1 negatively regulates the transcrip-
tional activity of pNOS-3 and NOS-3 expression and activity [12].
In the present study, we have identified new TFBS candidates in the pNOS-3 sequence,
which may be involved in the gene expression regulation by BAs. Among them, the binding
site for AP-1 was particularly interesting because, as we previously noted for SP1, it is a redox-
sensitive TF involved in a wide spectrum of cellular processes, including the NOS-3 expression
regulation [16] and the BA-induced cell apoptosis [17]. Cellular response to GCDCA was char-
acterised by an increased expression and activation of cJun and cFos, and increased binding of
these factors to the TFBS identified within the pNOS-3 at position -666. These findings suggest
that AP-1 complex binds at this position as a heterodimer, resulting in a decrease of pNOS-3
activity and NOS-3 protein expression. The administration of curcumin and quercetin as AP-1
inhibitors [18, 19] [19] reverted the NOS-3 expression decrease. However, since these two
compounds have also been described as SP1 inhibitors [20] [21] with antioxidant properties
[22] [23], and both, SP1 and oxidative stress, are related to NOS-3 expression regulation during
Fig 3. AP-1 downregulates NOS-3 expression during cytotoxicity by GCDCA.Cells not exposed (control group) /
exposed to GCDCA (GCDCA group) were treated with Curcumin, Quercetin or the synthetic retinoid SR 11302. (A)
Representative western blot for phospho-SP1 (Thr453) (Curcumin and Quercetin, n = 3; SR 11302, n = 7). (B) NOS-3
promoter activity (Curcumin and Quercetin, n = 6; SR 11302, n = 3). (C) NOS-3 protein expression (n = 3). (D) Dose-
dependent NOS-3 expression recovery by SR 11302 during GCDCA cytotoxicity. SR 11302 was assayed at 50, 10
and 1 μM.When no indicated, SR 11302 was used at 50 μM. Densitometry analysis for panels (A), (C) and (D) are
shown. Data expressed as mean ± SE versus control group. Statistically significant difference versus Control group*
or versus GCDCA group# are marked.
doi:10.1371/journal.pone.0160525.g003
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cholestasis [12], these results could not be directly attributed to the inhibition of AP-1. As
expected, the specific AP-1 inhibition by SR 11302 resulted in cell protection against GCDCA-
induced cell death through the same mechanism previously described for antioxidant treat-
ment or the SP1 inhibition. Thus, the retinoid recovered pNOS-3 activity and NOS-3 expres-
sion by inhibiting the AP-1 activity.
It has been reported that AP-1 is involved in NOS-3 up-regulation by cyclosporine A [24]
or hypoxia [25], which are related to oxidative stress [26] [27]. Conversely, the antioxidant
molecule nordihydroguaiaretic acid up-regulates NOS-3 expression through increase of AP-1
binding to the pNOS-3 in pulmonary arterial endothelial cells [28]. Kumar et al. demonstrated
that AP-1 binding at the same pNOS-3 position reported in the present study regulated the
promoter activity in response to oxidative stress [29]. However, in that report, the addition of
hydrogen peroxide decreased the pNOS-3 activity by reducing AP-1 binding to the pNOS-3.
Here, we also observed a promoter activity decrease as a consequence of higher intracellular
production of ROS, but it was associated with an increase of AP-1 binding at that promoter
position. This observation agrees with previous reports about the role of SP1 as transcriptional
repressor of NOS-3 expression in the same cellular model of cholestasis [12]. In this regard, it
is striking that AP-1 regulates numerous mammalian genes often in cooperation with TFs such
as SP1. Interestingly, the AP-1 activity on the pNOS-3 was dependent on the presence of SP1,
being both factors necessary to trigger pNOS-3 activation [30].
GATA binding to the pNOS-3 at position -235 was required to modulate SP1 activity during
basal promoter activity [31]. Since the bioinformatic analysis identified a TFBS for GATA-1 in
the pNOS-3 sequence, and GATA-4 binding at position -235 has been related to the pNOS-3
activity regulation [32], we additionally tested GATA-1 and GATA-4 binding at this position.
However, we observed no promoter binding for GATA-4 or no binding differences for GATA-
1 after GCDCA administration. Thus, if GATA binding to the pNOS-3 at position -235 was
required to modulate SP1 activity during basal promoter activity, it did not involve GATA-4.
Our data illustrated that AP-1 may function as transcriptional repressor of NOS-3 gene
expression through direct binding to the promoter sequence at position -666. To our knowledge,
this is the first study that identifies an inhibitory role for AP-1 in the NOS-3 expression. However,
this is not an exceptional case since overexpression of cJun and cFos in epithelial cells has been
previously associated with a reduction of NOS-2 promoter activity [33]. Oxidative stress induced
by GCDCA caused the activation of TFs cJun and cFos, and their binding to the pNOS-3 at posi-
tion -666. This fact was related to the repression of promoter activity, the NOS-3 expression/
activity decrease and cell death. In a model of experimental cholestasisin vivo, the observed hepa-
tocellular damage was associated with the inhibition of NOS-3 expression and the activation of
TFs cJun and cFos (data not shown). The regulation of cJun and cFos activities by oxidative stress
and the involvement of NOS-3 in this process represent a newmechanism by which the accumu-
lation of BAs causes a cytotoxic effect, and provides a new potential therapeutic target for CLD.
The biological activities of retinoids are believed to be mediated by transcriptional activation
of retinoic acid response element (RARE) and inhibition of AP-1 activity. In cholestatic dis-
eases, the addition of retinoic acid to UDCA might be an effective supplemental therapy with
UDCA [34]. However, clinical use of retinoids is hampered by their adverse safety profile [35],
which could be due to transcriptional activation of RARE. Thus, only AP-1 transrepression,
Fig 4. NOS-3 activity recovery by AP-1 inhibition is associated with cell survival during experimental
cholestasis. Effects of AP-1 inhibition on (A) accumulation of NO-end products (n = 3), (B) caspase-3-associated
activity (n = 4), (C) cell proliferation and (D) dead cell count (n = 3). In panel (B), SR 11302 was assayed at 50 and
10 μM.When no indicated, SR 11302 was used at 50 μM. Data expressed as mean ± SE. Statistically significant
difference versus control group* or versus GCDCA group# are marked.
doi:10.1371/journal.pone.0160525.g004
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Fig 5. NOS inhibition by L-NAME suppresses cell protection by SR 11302 during cholestasis. Effect of inhibition
of NOS activity on (A) cell doubling time (n = 6) and cell metabolic activity (n = 8); (B) caspase-3-associated activity
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but not RARE transactivation mediated by retinoids appears to be causally related to their anti-
tumor activities [36]. Fortunately, a subset of synthetic retinoids are able to inhibit AP-1 activ-
ity without activating the transcription of RARE [36] [37], which have been previously
proposed as therapeutic agents with reduced side effects. Thus, these retinoids are transcrip-
tionally inactive and have lost the differentiating effects of retinoic acid, while retaining their
antiproliferative properties, which come from the inhibition of AP-1 activity. SR 11302 belongs
to this new class of retinoids and its use has been previously reported in human pathologies
such as peritoneal inflammation [38] and cancer [36] [39]. In our experimental model of chole-
stasis, the inhibition of AP-1 by pharmacological blockade with SR 11302 was associated with
protection from GCDCA-induced cell death by inhibiting caspase-3 activity. This is consistent
with the previously reported study about the important role of apoptosis in the pathogenesis of
liver injury during cholestasis, and the involvement of AP-1 upregulation in this process [17].
The administration of the commonly used NOS inhibitor L-NAME did inhibit the anti-apo-
ptotic effect of SR 11302 during GCDCA treatment. This, together with the fact that no expres-
sion of NOS-2 was detected in our experimental model of cholestasis, suggests that NOS-3
regulation by AP-1 is a key process involved in the hepatocellular damage during cholestasis.
Although AP-1 activity can antagonize apoptosis in some tumor types such as liver tumors
[40], and genes that encode Bcl2 family members have been proposed as anti-apoptotic targets
regulated by the TF [41], inhibition of AP-1 by SR 11302 in HepG2 cells did not induce cas-
pase-3 activity and it was not associated with the accumulation of dead cells. However, SR
11302 was related to the alteration of cell proliferation, which is consistent with its well-known
antitumor capacity [36] [39]. At basal condition, the antiproliferative effect of SR 11302 was
related to the expression inhibition of cyclin D1, a member of the cyclin family that is required
for progression through the G1 phase of the cell cycle. However, although cyclin D1 promotes
cell growth, overexpression of cyclin D1 can lead to premature G1-S phase transition and apo-
ptosis [42]. In cholestasis, cyclin D1 overexpression has been implicated in toxic bile acid-
induced Bax translocation, cytochrome c release and apoptosis of hepatocytes [43] [44].
Accordingly, the apoptosis induction by GCDCA was associated with the expression increase
of cyclin D1. The inhibition of cyclin D1 expression by SR 11302 in our experimental model of
cholestasis increased the cell doubling time (decreasing cell metabolic activity) but it signifi-
cantly reduced the caspase-3 associated activity. Since NOS-3 expression was inhibited by
GCDCA, the administration of L-NAME had no effect on cyclin D1 expression or cell prolifer-
ation. However, the NOS inhibitor counteracted the protective role of SR 11302, which is asso-
ciated with the NOS-3 expression recovery. Thus, in the presence of L-NAME, the retinoid
failed to reduce cyclin D1 expression and caspase-3 activity in GCDCA-treated HepG2 cells.
Taken together, our findings relate the toxic effects of bile acids with cyclin D1 overexpres-
sion through the NOS-3 expression inhibition by AP-1 (S1 Fig). The apparent safety of SR
11302 compared with other candidate agents such as mithramycin A or tolfenamic acid [12],
makes the synthetic retinoid an interesting alternative therapeutic approach for CLD.
Supporting Information
S1 Fig.NOS-3 expression inhibition by AP-1 is required to bile acid-induced cytotoxicity
and is associated with cyclin D1 overexpression. GCDCA induces cell death by oxidative
(n = 3); and (C) cyclin D1 expression (n = 4). SR 11302 was used at 50 μM. In panel (A), only positive data for cell
doubling time were used (n = 4 for group ‘GCDCA + SR 11302’, and n = 3 for group ‘GCDCA + SR 11302 + L-NAME’).
Data expressed as mean ± SE. Statistically significant difference versus control group* or versus GCDCA group# or
between groups ‘GCDCA + SR 11302’ and ‘GCDCA + SR 11302 + L-NAME’ (S) are marked.
doi:10.1371/journal.pone.0160525.g005
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stress-dependent AP-1 expression increase, NOS-3 downregulation and cyclin D1 overexpres-
sion. Antioxidant treatment inhibits AP-1 upregulation and cell death. AP-1 inhibition by SR
11302 reduces cell death by increasing NOS-3 expression/activity. NOS-3 activity inhibition by
L-NAME is related to cyclin D1 expression increase and cell death.
(TIF)
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(2) TIPO DE SOLICITUD:
PRIMERA PRESENTACIÓN
ADICIÓN A LA PATENTE EUROPEA
ADICIÓN A LA PATENTE ESPAÑOLA
SOLICITUD DIVISIONAL
CAMBIO DE MODALIDAD
TRANSFORMACIÓN SOLICITUD PATENTE EUROPEA
















DENOMINACIÓN SOCIAL: Servicio Andaluz de Salud




















PORCENTAJE DE TITULARIDAD: 030,00 %
(5-2) SOLICITANTE 2:





















PORCENTAJE DE TITULARIDAD: 040,00 %
(5-3) SOLICITANTE 3:
DENOMINACIÓN SOCIAL: Centro de Investigación
Biomédica en Red (CIBER)














































(7) TÍTULO DE LA INVENCIÓN:
Uso de derivados de ácido
antranílico en la elaboración de
un medicamento para el
tratamiento de la colestasis.




















ACCESIBILIDAD RESTRINGIDA A UN EXPERTO (ART. 45.1. B):
(12) DECLARACIONES RELATIVAS A LA LISTA DE SECUENCIAS:
LA LISTA DE SECUENCIAS NO VA MÁS ALLÁ DEL CONTENIDO DE LA SOLICITUD











(15) AGENTE DE PROPIEDAD INDUSTRIAL:
APELLIDOS: Fúster
NOMBRE: Gustavo
CÓDIGO DE AGENTE: 1039/1
NÚMERO DE PODER:
(16) RELACIÓN DE DOCUMENTOS QUE SE ACOMPAÑAN:
DESCRIPCIÓN: [!] N.º de páginas: 22
REIVINDICACIONES: [!] N.º de reivindicaciones: 9
DIBUJOS: [!] N.º de dibujos: 8
RESUMEN: [!] N.º de páginas: 1
FIGURA(S) A PUBLICAR CON EL RESUMEN: [!] N.º de figura(s): 0
ARCHIVO DE PRECONVERSION: [!]
DOCUMENTO DE REPRESENTACIÓN: [ ] N.º de páginas:
JUSTIFICANTE DE PAGO (1): [!] N.º de páginas: 1
LISTA DE SECUENCIAS PDF: [ ] N.º de páginas:
ARCHIVO PARA LA BUSQUEDA DE LS: [ ]
OTROS (Aparecerán detallados):
(17) EL SOLICITANTE SE ACOGE AL APLAZAMIENTO DE PAGO DE TASA
PREVISTO EN EL ART. 162 DE LA LEY 11/1986 DE PATENTES, DECLARA: BAJO
JURAMIENTO O PROMESA SER CIERTOS TODOS LOS DATOS QUE FIGURAN
EN LA DOCUMENTACIÓN ADJUNTA:
[ ]
DOC COPIA DNI: [ ] N.º de páginas:
DOC COPIA DECLARACIÓN DE CARENCIA DE MEDIOS: [ ] N.º de páginas:
DOC COPIA CERTIFICACIÓN DE HABERES: [ ] N.º de páginas:
DOC COPIA ÚLTIMA DECLARACIÓN DE LA RENTA: [ ] N.º de páginas:
DOC COPIA LIBRO DE FAMILIA: [ ] N.º de páginas:
DOC COPIA OTROS: [ ] N.º de páginas:
(18) NOTAS:
(19) FIRMA:
FIRMA DEL SOLICITANTE O REPRESENTANTE: Gustavo Fuster 26814
LUGAR DE FIRMA: Madrid
FECHA DE FIRMA: 28 Abril 2015
TASA en materia de Prodiedad Industrial
CODIGO 511 Modelo CAIXA




















SERVICIO ANDALUZ DE SALUD
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Apellidos y Nombre o Razón Social:
Identificación
FUSTER GUSTAVO
Código de Agente o Representante (2): 1039
Apellidos y Nombre o Razón Social:
NIF/CIF: 33530042K
Agente o Representante legal (1):
(1) Solo cuando el pago se realice con cargo a la cuenta corriente del representante o agente.
(2) En el caso de que tenga asignado un número por la OEPM.
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(2) TIPO DE SOLICITUD:
PRIMERA PRESENTACIÓN
ADICIÓN A LA PATENTE EUROPEA
ADICIÓN A LA PATENTE ESPAÑOLA
SOLICITUD DIVISIONAL
CAMBIO DE MODALIDAD
TRANSFORMACIÓN SOLICITUD PATENTE EUROPEA
















DENOMINACIÓN SOCIAL: Servicio Andaluz de Salud




















PORCENTAJE DE TITULARIDAD: 033,40 %
(5-2) SOLICITANTE 2:
DENOMINACIÓN SOCIAL: Universidad de Córdoba
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(5-3) SOLICITANTE 3:
DENOMINACIÓN SOCIAL: Centro de Investigación
Biomédica en Red (CIBER)





















PORCENTAJE DE TITULARIDAD: 033,30 %
(6-1) INVENTOR 1:










































ACCESIBILIDAD RESTRINGIDA A UN EXPERTO (ART. 45.1. B):
(12) DECLARACIONES RELATIVAS A LA LISTA DE SECUENCIAS:
LA LISTA DE SECUENCIAS NO VA MÁS ALLÁ DEL CONTENIDO DE LA SOLICITUD











(15) AGENTE DE PROPIEDAD INDUSTRIAL:
APELLIDOS: Fúster
NOMBRE: Gustavo
CÓDIGO DE AGENTE: 1039/1
NÚMERO DE PODER:
(16) RELACIÓN DE DOCUMENTOS QUE SE ACOMPAÑAN:
DESCRIPCIÓN: [!] N.º de páginas: 22
REIVINDICACIONES: [!] N.º de reivindicaciones:
13
DIBUJOS: [!] N.º de dibujos: 3
RESUMEN: [!] N.º de páginas: 1
FIGURA(S) A PUBLICAR CON EL RESUMEN: [!] N.º de figura(s): 0
ARCHIVO DE PRECONVERSION: [!]
DOCUMENTO DE REPRESENTACIÓN: [ ] N.º de páginas:
LISTA DE SECUENCIAS PDF: [ ] N.º de páginas:
ARCHIVO PARA LA BUSQUEDA DE LS: [ ]
OTROS (Aparecerán detallados):
(17) EL SOLICITANTE SE ACOGE AL APLAZAMIENTO DE PAGO DE TASA
PREVISTO EN EL ART. 162 DE LA LEY 11/1986 DE PATENTES, DECLARA: BAJO
JURAMIENTO O PROMESA SER CIERTOS TODOS LOS DATOS QUE FIGURAN
EN LA DOCUMENTACIÓN ADJUNTA:
[ ]
DOC COPIA DNI: [ ] N.º de páginas:
DOC COPIA DECLARACIÓN DE CARENCIA DE MEDIOS: [ ] N.º de páginas:
DOC COPIA CERTIFICACIÓN DE HABERES: [ ] N.º de páginas:
DOC COPIA ÚLTIMA DECLARACIÓN DE LA RENTA: [ ] N.º de páginas:
DOC COPIA LIBRO DE FAMILIA: [ ] N.º de páginas:
DOC COPIA OTROS: [ ] N.º de páginas:
(18) NOTAS:
(19) FIRMA:
FIRMA DEL SOLICITANTE O REPRESENTANTE: Gustavo Fuster 26814
LUGAR DE FIRMA: Madrid
FECHA DE FIRMA: 20 Noviembre 2015

OFICINA ESPAÑOLA DE PATENTES Y MARCAS
Hoja informativa sobre pago de tasas de una solicitud de patente o modelo de utilidad
1. REFERENCIA DE SOLICITUD 901 156




IE01 Solicitud de demanda de depósito o de
rehabilitación. 85019170809 63,68






El solicitante se acoge al aplazamiento de tasas
previsto en el art. 162 de la Ley 11/1986 de Patentes





Se ha aplicado el 15% de descuento sobre la tasa de solicitud de acuerdo con la D. Adic. 8.2
Ley de Marcas.
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